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ABSTRACT 
 
 
Comparison of Agricultural Area Source Ammonia Gas  
 
Concentration and Flux Measurements 
 
 
by 
 
 
Emyrei Reese, Master of Science 
 
Utah State University, 2010 
 
 
Major Professor: Dr. Randal S. Martin 
Department: Civil and Environmental Engineering 
 
 
This study was conducted in order to compare and evaluate a variety of ammonia 
(NH3) measurement techniques for determination of ambient gas phase concentration and 
evaluation of system fluxes.  This was accomplished by measuring NH3 emitted from 
area sources within two dairies, one located in south-central Idaho and another in central 
California.  The measurement techniques utilized included: an array of passive diffusion 
samplers, a single annular denuder system, a single or paired Fourier transform infrared 
spectrometer(s) (FTIR), a paired (upwind and downwind) set of differential optical 
absorption spectrometers (DOAS), and a portable wind tunnel in conjunction with a 
chemiluminescence monitor. The concentrations measured were manipulated by methods 
of inverse modeling using the ISCST3, AERMOD, and WindTrax models to yield 
estimated emission rates for individual sources, as well as an overall dairy emission rate.  
Furthermore, a comparison of the different techniques took place, and it was concluded 
that in the context of measuring agricultural area sources, the spectroscopy techniques, 
iii 
 
FTIR and DOAS, were likely the most desirable systems.  This conclusion was based on 
the systems’ ability to yield high precision, path integrated concentration measurements 
that do not require actual collection of sample.  However, as long as a proper deployment 
scheme is utilized, the passive diffusion samplers also offered a viable option, especially 
when funding is limited. 
 (147 pages)  
iv 
 
ACKNOWLEDGMENTS 
 
 
 I would like to thank Dr. Randy Martin for his guidance on this thesis project and 
throughout my education.  I would also like to thank my other committee members, Dr. 
Laurie McNeill and Dr. Ronda Miller, for their suggestions and support.   
 Special thanks are also in order for my colleagues at the Utah Water Research Lab 
and the Space Dynamics Lab for helping me gather and analyze the data used in this 
thesis.   I would also like to acknowledge my family and friends that were helpful and 
patient throughout my entire educational experience.  Finally, I would like to express my 
thanks to my Heavenly Father for the opportunities which I enjoy. 
Emyrei Reese 
  
v 
 
CONTENTS 
 
 
Page 
 
ABSTRACT ………………………………………………………………………………ii 
 
ACKNOWLEDGMENTS ………………………………………………………………..iv 
 
LIST OF TABLES ……………………………………………………………………….vii 
 
LIST OF FIGURES ……………………………………………………………………...xii 
 
INTRODUCTION …………………………………………………………………………1 
 
 Agricultural NH3 Emissions ……………………………………………………....3 
 Environmental Impact ……………………………………………………………..5 
 Literature Review………………………………………………………………….7 
     
      NH3 measurement techniques …….……………………………………….….7 
      Dairy emission rates …………………………………………………………13 
  
 Experiment Objective…………………………………………………………….15 
 Methodology ……………………………………………………………………..15 
  
      Measurement techniques……………………………………………… ……...15 
      Meteorological measurements………………………………………… …......37 
      Modeling ……………………………………………………………………..37 
      Sampling campaigns and configurations ……………………………………39 
 
RESULTS AND DISCUSSION …………………………………………………………43 
 
 Idaho Dairy ………………………………………………………………………43 
   
      Ammonia measurements ……………………………………………………..43 
      Modeling and emission rates ………………………………………………...50 
  
 California Dairy…………………………………………………………………..58 
       
      Ammonia measurements ……………………………………………………..58 
      Modeling and emission rates ………………………………………………...67 
 
CONCLUSION …………………………………………………………………………..83 
 
ENGINEERING SIGNIFICANCE ………………………………………………………89 
vi 
 
 
PROPOSED FUTURE WORK ………………………………………………………….91 
 
REFERENCES …………………………………………………………………………..92 
 
APPENDICIES …………………………………………………………………………..97 
 
 Appendix A. Idaho dairy lagoon concentrations ………………………………...98 
 Appendix B. California dairy concentrations …………………………………..104 
  
vii 
 
LIST OF TABLES 
 
 
Table  Page 
 
1 Literature emission rates. …………………………………………………….......14 
 
2 Idaho dairy lagoon measured-to-modeled ratios. ……………………………......51 
 
3 Wind tunnel measured NH3 emission rates from the Idaho dairy lagoon………..54 
 
4 Idaho dairy lagoon NH3 emission rates found using the DOAS 
 measurement system and the WindTrax model ………………………………....55 
 
5 Idaho dairy lagoon NH3 emission rates found using passive sampler 
 measurements and the ISCST3 and AERMOD models………………………….55 
 
6 Idaho dairy lagoon NH3 emission rates found using denuder 
 measurements and the ISCST3 and AERMOD models………………………….56 
 
7 Idaho dairy lagoon NH3 emission rates found using FTIR measurements 
 and the ISCST3 and AERMOD models …………………………………………56  
 
8 List of dairy lagoon NH3 emission rates determined via various  
 measurement techniques. ………………………………………………………...57 
 
9 California dairy NH3 emission rates found using passive sampler 
 measurements and the ISCST3 model; disregarding plume edge ……………….72 
 
10 California dairy NH3 emission rates found using passive sampler 
 measurements and the AERMOD model; disregarding plume edge …………….73 
 
11 California dairy NH3 emission rates found using FTIR measurements 
 and the ISCST3 model; disregarding plume edge (1). …………………………...74 
 
12 California dairy NH3 emission rates found using FTIR measurements 
 and the AERMOD model, disregarding plume edge …………………………….75 
 
13 California dairy NH3 emission rates found using passive sampler 
 measurements and the ISCST3 model with plume edge ………………………...76 
 
14 California dairy NH3 emission rates found using passive sampler 
 measurements and the AERMOD model; with plume edge …………………….77 
 
 
viii 
 
15 California dairy NH3 emission rates found using FTIR measurements 
 and the ISCST3 model with plume edge…………………………………………78 
 
16 California dairy NH3 emission rates found using FTIR measurements 
 and the AERMOD model; with plume edge …………………………………….79 
 
17 NH3 emission rates determined for the California dairy with modeling 
 with ratios close to one as the goal.………………………………………………79 
 
18 NH3 emission rates determined for the California dairy with consideration 
 given to the plume edge ………………………………………………………….80 
 
19 Dairy lagoon emission rates from the Idaho and California dairies and  
 comparison literature values. …………………………………………………….86 
 
20 Dairy facility emission rates from the California dairy and comparison 
 literature values. ………………………………………………………………….86 
 
A-1 Idaho dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the 10/4 AM sampling period ………………...98 
 
A-2 Idaho dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the 10/4 PM sampling period …………………99 
 
A-3 Idaho dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the 10/5 PM sampling period ………………..100 
 
A-4 Idaho dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the 10/5-10/6 sampling period ………………101 
 
A-5 Idaho dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the 10/6 AM sampling period ……………….102 
 
A-6 Idaho dairy denuder measured and ISCST3 and AERMOD modeled 
 NH3 concentrations ……………………………………………………………..103 
 
A-7 Idaho dairy FTIR measured and ISCST3 and AERMOD modeled 
 NH3concentrations ……………………………………………………………...103 
 
B-1 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 13 PM sampling period 
 disregarding plume edge ………………………………………………………..104 
 
 
 
ix 
 
B-2 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 13 PM sampling period 
 with plume edge ………………………………………………………………...105 
 
B-3 California dairy passive sampler measured and ISCST3 and AERMOD  
 modeled NH3 concentrations for the June 14 AM sampling period 
 disregarding plume edge ………………………………………………………..106 
 
B-4 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 14 AM sampling period 
 with plume edge ………………………………………………………………...107 
 
B-5 California diary passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 14 PM sampling period 
 disregarding plume edge ………………………………………………………..108 
 
B-6 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 14 PM sampling period 
 with plume edge ………………………………………………………………...109 
 
B-7 California diary passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 15 AM sampling period 
 disregarding plume edge ………………………………………………………..110 
 
B-8 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 15 AM sampling period 
 with plume edge ………………………………………………………………...111 
 
B-9 California diary passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 15 PM sampling period  
 disregarding plume edge ………………………………………………………..112 
 
B-10 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 15 PM sampling period 
 with plume edge ………………………………………………………………...113 
 
B-11 California diary passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 16 AM sampling period 
 disregarding plume edge ………………………………………………………..114 
 
B-12 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 16 AM sampling period 
 with plume edge ………………………………………………………………...115 
 
 
x 
 
B-13 California diary passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 16 PM sampling period 
 disregarding plume edge ………………………………………………………..116 
 
B-14 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 16 PM sampling period 
 with plume edge ………………………………………………………………...117 
 
B-15 California diary passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 17 AM sampling period  
 disregarding plume edge  ……………………………………………………….118 
 
B-16 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 17 AM sampling period 
 with plume edge ………………………………………………………………...119 
 
B-17 California diary passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 17 PM sampling period  
 disregarding plume edge  ……………………………………………………….120 
 
B-18 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 17 PM sampling period 
 with plume edge ………………………………………………………………...121 
 
B-19 California diary passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 18 AM sampling period 
 disregarding plume edge ………………………………………………………..122 
 
B-20 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 18 AM sampling period 
 with plume edge ………………………………………………………………...123 
 
B-21 California diary passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 18 PM sampling period 
 disregarding plume edge ………………………………………………………..124 
 
B-22 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 18 PM sampling period 
 with plume edge ………………………………………………………………...125 
 
B-23 California diary passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 19 PM sampling period 
 disregarding plume edge ………………………………………………………..126 
 
 
xi 
 
B-24 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 19 PM sampling period 
 with plume edge ………………………………………………………………...127 
 
B-25 California diary passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 20 PM sampling period 
 disregarding plume edge ………………………………………………………..128 
 
B-26 California dairy passive sampler measured and ISCST3 and AERMOD 
 modeled NH3 concentrations for the June 20 PM sampling period 
 with plume edge ………………………………………………………………...129 
 
B-27 California dairy FTIR measured and ISCST3 and AERMOD modeled  
 NH3 concentrations for Position 1 disregarding plume edge……………………130 
 
B-28 California dairy FTIR measured and ISCST3 and AERMOD modeled 
 NH3 concentrations for Position 1 with plume edge ……………………………130 
 
B-29 California diary FTIR measured and ISCST3 and AERMOD modeled  
 NH3 concentrations for Position 2 disregarding plume edge……………………131 
 
B-30 California dairy FTIR measured and ISCST3 and AERMOD modeled 
 NH3 concentrations for Position 2 with plume edge ……………………………131 
 
B-31 California dairy FTIR measured and ISCST3 and AERMOD modeled 
  NH3 concentrations for Position 4 disregarding plume edge  ………………….132 
 
B-32 California diary FTIR measured and ISCST3 and AERMOD modeled 
 NH3 concentrations for Position 4 with plume edge ……………………………132 
 
B-33 California dairy FTIR measured and ISCST3 and AERMOD modeled 
  NH3 concentrations for Position 5 disregarding plume edge …………………..133 
 
B-34 California dairy FTIR measured and ISCST3 and AERMOD modeled 
 NH3 concentrations for Position 5 with plume edge ……………………………133       
     
xii 
 
LIST OF FIGURES 
 
 
Figure  Page 
 
1 Total annual U.S. emissions of NH3 by sector.……………………………………2  
 
2 Ammonium ion concentration in rainwater in the U.S. in 2006 …………………..4 
 
3 Cattle and calves inventory: 2007 …………………………………………………5 
 
4 Passive sampler using four fabric denuders………………………………………11 
 
5 Ogawa Passive Sampler schematic.………………………………………………16 
 
6 Deployment time chart developed by Roadman et al. (2003).…………………...17 
 
7 Passive sampler without the weather cap ……………………………..…………18 
 
8 Passive sampler with the weather cap in place …………………………………..18 
 
9 URG annular denuder.……………………………………………………………23 
 
10 FTIR operation schematic. ……………………………………………………….25 
 
11 The SDL FTIR (right) and ARS FTIR (inside tent on the left side)  
 set up to take parallel measurements……………………………………………..26 
 
12 Example of an interferogram created in the SDL FTIR.…………………………27 
 
13 Example single beam spectrum both with and without NH3. ……………………28 
 
14 Photo of the UVSentry DOAS system. …………………………………………..32 
 
15 Wind tunnel schematic, side view.……………………………………………….33 
 
16 Portable wind tunnel in place on the Idaho dairy lagoon surface ………………..34 
 
17 Schematic diagram of the general principle of chemiluminescent detector  
 for NOx and NH3. ………………………………………………………………...36  
 
18 Idaho dairy sampling layout.……………………………………………………..41 
 
19 California dairy sampling set up.…………………………………………………42 
 
xiii 
 
20 Comparison of the NH3 concentrations measured by the denuder 
 and collocated passive sampler located by the Idaho dairy  
 wastewater lagoon. ……………………………………………………………….44 
 
21 SDL and U of I FTIR and average FTIR pathlength passive sampler NH3 
measurement comparison.………………………………………………………..46 
 
22 Comparison of NH3 concentrations measured by the lagoon west bank  
 DOAS and R5 passive sampler. ………………………………………………….48 
 
23 Correlation comparison of the denuder and passive sampler measured NH3 
concentrations for the last five Idaho sampling periods. ………………………...49 
 
24 Correlation comparison of the FTIR and passive sampler measured NH3 
concentrations for the last five Idaho sampling periods.…………………………49 
 
25 Idaho dairy lagoon ISCST3 modeled NH3 concentrations for the October 
 6 AM sampling period …………………………………………………………...52  
 
26 Idaho dairy lagoon AERMOD modeled NH3 concentrations for the  
 October 6 AM sampling period. …………………………………………………52 
 
27 Idaho dairy emission rates………………………………………………………..57 
 
28 Comparison of NH3 concentrations measured by the FTIR and passive  
 samplers for Position 1.…………………………………………………………..60 
 
29 Comparison of NH3 concentration measurements by the FTIR and  
 passive samplers for Position 2. …………………………………………………60 
 
30 Comparison of NH3 concentration measurements by the FTIR and 
  passive samplers for Position 4. …………………………………………………61 
 
31 Comparison of NH3 concentrations measured by the FTIR and  
 passive samplers for Position 5. ………………………………………………….61 
 
32 Comparison of NH3 concentrations measured by the ARS FTIR 
 and upwind passive samplers. ……………………………………………………63 
 
33 Correlation comparison of the FTIR and passive sampler measured 
 concentrations for Position 1. ……………………………………………………65 
 
34 Correlation comparison of the FTIR and passive sampler measured 
 concentrations for Position 2. ……………………………………………………65 
 
xiv 
 
35 Correlation comparison of the FTIR and passive sampler measured 
 concentrations for Position 4. ……………………………………………………66 
 
36 Correlation comparison of the FTIR and passive sampler measured 
 concentrations for Position 5. ……………………………………………………66 
 
37 ISCST3 modeled NH3 contours for the California Dairy June 17 AM 
 sampling period. …………………………………………………………………68 
 
38 AERMOD modeled NH3 contours for the California Dairy June 17 AM 
 sampling period. …………………………………………………………………68 
 
39 AERMOD produced NH3 contours for the California dairy June 14 AM  
 sampling period focusing on good measured to modeled ratios. ………………...71 
 
40 AERMOD produced NH3 contours for the California dairy June 14 AM  
 sampling period focusing on plume edge definition. …………………………….72 
 
41 California dairy lagoon emission rates …………………………………………..80 
 
42 California dairy solid separator emission rates …………………………………..81 
 
43 California dairy cattle emission rates …………………………………………….81 
 
44 California dairy facility emission rates …………………………………………..82  
INTRODUCTION 
 
 
Ammonia (NH3) is the major basic species in the atmosphere, and after diatomic 
nitrogen (N2) and nitrous oxide (N2O), it is the most abundant nitrogen-containing 
compound.  Ammonia has a typical mixing ratio of between 0.1 and 10 ppb, in 
comparison to N2 which constitutes about 78% of the atmosphere (780,000 ppm), and 
N2O at a ratio of 315 ppb (Seinfeld and Pandis, 2006).  This compound plays an 
important role in atmospheric chemistry, mainly due to its acid neutralizing capacity and 
role in the formation of secondary particulate matter.  In addition, NH3 is very 
depositional and has a significant influence on the terrestrial environment as well.  In the 
gaseous form, NH3 has an unpleasant odor and can also, in high enough concentration, be 
irritating to the respiratory tract and other soft tissues.  Due to the irritating nature of 
gaseous NH3, the Occupational Health and Safety Association (OSHA) has prescribed a 
permissible exposure limit (50 ppm based on an eight-hour time weighted average) to 
regulate worker exposure (OSHA, 2006).  Similar effects have been observed in 
agricultural livestock, including reduced production and potential animal death at high 
(10’s of ppm) concentration (Holland, Carson, and Donham, 2002).  Despite this, due to 
the low threat for chronic or severe short term affects, the U.S. Environmental Protection 
Agency (U.S. EPA) does not currently regulate the atmospheric concentration of this 
compound.  However, under the Emergency Planning and Community Right-to-Know 
Act (EPCRA) animal operations larger than a certain size (i.e. 700 mature dairy cows or 
2500 swine of greater than 55 lbs) are required to report air releases of hazardous 
substances (such as NH3 and H2S) from animal waste.  On the other hand, effective in 
January 2009, animal waste was specifically exempted from existing notification 
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requirements under the Comprehensive Environmental Response, Compensation, and 
Liability Act (CERCLA) (U.S. EPA, 2008a).   
Sources of atmospheric NH3 include: automobiles (NH3 is created under reducing 
conditions in catalytic converters), power plant NH3 slip, public works such as landfills 
and wastewater treatment facilities, and agricultural processes.  A 2003 Air Pollution 
Trends report from the U.S. EPA estimated that agriculture accounted for 90% of 
ammonia emissions for that year (U.S. EPA, 2003).  Figure 1A illustrates the estimated 
contribution of different sources to the total annual United States NH3 emission.   
However, as shown in Figure 1B, in the context of global emissions, other sources, such 
as oceans and biomass burning are estimated to contribute significant NH3 (USDA ARS, 
2000). 
 
  
Figure 1.  A. Total annual U.S. emission of NH3 by sector (U.S. EPA, 2003).  B. Global     
NH3 emission by sector (USDA ARS, 2000). 
A B 
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Agricultural NH3 Emissions 
 
 
 The agricultural industry, in particular, cattle, hog, and poultry husbandry, is the 
most significant source of atmospheric ammonia at an approximate 2.4 million tons per 
year (U.S. EPA, 2004).  Furthermore, it has been estimated that cattle account for the 
largest livestock source in the United States (CENR, 2000).  Through modeling efforts 
conducted by the U.S. EPA, it was estimated that in 2002 dairy cattle emitted 558,094 
tons, beef cattle and heifers 656,648 tons, swine 429,468 tons, and poultry 664,238 tons 
of NH3 to the atmosphere (U.S. EPA, 2004).  Further evidence of the agricultural 
contribution is shown in Figures 2 and 3.  Figure 2 shows a chart of NH3 concentration as 
the ammonium ion (NH4+) in rainwater.  This chart can roughly be considered a 
representation of NH3 emissions given that a large portion of emitted NH3 is deposited in 
close proximity to the emission source rather than being transported large distances as is 
often the case for other air pollutants (Dragosits et al., 2002).  Comparing Figure 2 to 
Figure 3, a plot of U.S. cattle population, it can be seen that those states and areas with 
the most extensive cattle rearing operations are also those that have the highest emission 
of this compound.  A similar comparison can also be made with other, similar plots of 
hogs and layer chickens that can also be obtained from the USDA Census of Agriculture 
(USDA, 2007). 
The NH3 formation process begins as livestock ingest nitrogen in their feed, very 
little of which contributes to meat formation in the animal (for beef cattle only about 10% 
of the ingested nitrogen is converted to meat) (CENR, 2000).  The excess nitrogen is 
therefore excreted in the animal’s waste, mostly in urine.  Ammonia is formed when the 
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urea in urine combines with urease enzymes found primarily in feces.  This reaction is 
shown in Equation 1 (Keusch, 2003). 
NH2C(O)NH2 + 3H2O-(urease) → NH4+(aq) + OH- + HCO3-               (1) 
NH4+(aq) ↔ NH3(g) + H+                          (2) 
The ammonium ion (NH4+) is likely to then be converted to NH3 gas (Equation 2) and be 
readily released to the atmosphere (CENR, 2000). 
 Within a single agricultural facility, there may exist several sources of NH3 
release.  These include: animal housing areas, waste storage (manure pits, solid 
separators, lagoons, and composting areas), and fields fertilized with animal waste or 
other nitrogen-containing fertilizers.  The total flux from each of these individual sources 
is dependent on climate conditions and the specific management practices of the 
individual operator. 
 
Figure 2.  Ammonium ion concentration in rainwater in the U.S. in 2006 (NADP, 2008). 
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Figure 3.  Cattle and calves inventory: 2007 (USDA, 2007). 
 
Environmental Impact 
 
 
The highly depositional and photochemically reactive nature of NH3 results in 
several potentially negative consequences in the natural environment.  NH3 deposition 
can contribute to acidification and eutrophication of aquatic ecosystems, which can lead 
to reduced biological diversity (Becker and Graves, 2004).  Eutrophication occurs when 
nutrients, such as nitrogen and phosphorus, accumulate in a system.  This accumulation 
can enhance algal growth.  This in turn, can lead to decreased dissolved oxygen 
concentrations which will adversely affect aquatic life forms (Masters, 1998).  
Furthermore, acidification of soils and atmospheric uptake of NH3 by plants can also 
have harmful consequences (Stephen and Aneja, 2007).  Although it may seem counter-
intuitive that NH3, a basic species, would lead to acidification, it can be explained by 
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noting that when NH3 combines with water it converts to NH4+, an acidic species 
(Equation 3).  Thus as NH3 is highly soluble, much of the emitted NH3 returns to the 
surface as NH4+ during precipitation events. 
One of the most significant impacts of NH3 in the atmosphere is its role in the 
formation of fine particulate matter.  NH3 reacts readily with both sulfuric and nitric acid 
to form small particles as shown in the following reaction equations (3 and 4) (Finlayson-
Pitts and Pitts, 2000): 
                      NH3 (g) + H2SO4 (g) → NH4HSO4 (s) + NH3 (g) → (NH4)2SO4 (s)                  (3) 
       NH3 (g) + HNO3 (g) ↔ NH4NO3 (s)                      (4) 
These ammonium particles, referred to as fine particles (diameter less than 2.5 
µm), have a typical diameter around 0.2 µm (Seinfeld and Pandis, 2006), and are 
associated with both aesthetic and health concerns.  Aesthetically, the buildup of these 
particles causes hazy conditions and reduced visibility.  In addition, concerning human 
health, the small size of these particles allows them, when inhaled, to penetrate into the 
alveolar region of the lungs where deposition may lead to respiratory complications and 
possible major health issues (U.S. EPA, 2008b).   Due to this, although the EPA does not 
yet implicitly regulate NH3, national ambient air quality standards (NAAQS) have been 
established for PM2.5 to help protect the public from the harmful effects of high 
particulate concentrations. 
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Literature Review 
 
 
NH3 measurement techniques 
There are several difficulties in obtaining accurate measurements of NH3.  
Ammonia is a very sticky compound and will readily adsorb onto most surfaces, making 
it hard to ensure that a representative amount actually reaches the sample collection 
surface.  Furthermore, not only will NH3 adsorb readily, it will also desorb when 
concentrations in the sample air decrease, or with a rise in temperature.  Moreover, the 
human body also produces ammonia emissions, which provides a nearly constant source 
of possible contamination to samples (CENR, 2000).  Additional complications arise 
when measurements are desired from diffuse or areas sources wherein a single sampling 
location may not be representative of the entire source.   
A variety of instruments and techniques have been used to measure NH3 
concentrations and fluxes from agricultural and other area sources.  Yet few technique 
inter-comparisons have taken place.  However, as pollution concerns and the costs to 
reduce this pollution continue to increase, there is a need for further comparison of the 
various techniques to establish confidence in appropriate measurement protocols. 
Mennen et al. (1996) conducted a comparison of several different automatic NH3 
monitors in order to make a selection to be used for the Netherlands National Air Quality 
Monitoring Network.  The instruments compared were: a continuous-flow denuder, a 
V2O5-coated thermodenuder, a WO3-coated thermodenuder, a differential optical 
absorption spectrometer (DOAS), a photoacoustic monitor, an annular denuder system, 
and a TEI (Thermo Environmental Instruments) NOx monitor with NH3 converter.   
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A continuous-flow denuder operates by pulling air through a rotating annular 
denuder in which the gas collection solution is continuously being transported from the 
denuder while new solution is being added.  The solution is transported to a cell where 
conductivity and temperature are measured so that NH3 concentration can be calculated 
(Mennen et al., 1996).   
Despite having been manufactured by different companies and having slightly 
different configuration, the V2O5 and WO3-coated thermodenuders operate in much the 
same manner as the continuous-flow denuder.  In these systems, NH3 in the sample air 
collects on the denuder walls.  The denuder is then heated and a carrier gas is used to 
transport the NH3 to a NOx monitor (Mennen et al., 1996).   
DOAS is an ultraviolet light absorption measurement technique.  A light signal 
generated by a Xenon lamp travels through the sample air to a detector placed at the 
opposite end of the sample path.  The absorption is then measured at the wavelength(s) at 
which the species of interest absorbs (NH3 has its main absorption peaks between 200 
and 220 nm) (Mennen et al., 1996).   
Photons produced within the photoacoustic monitor excite the NH3 molecules.  
When the molecules return to their original state, energy is released in the form of heat 
which induces a pressure wave.  This causes an acoustic signal that is detected by four 
microphones and amplified.  From this signal and frequency, a concentration is calculated 
(Mennen et al., 1996).   
An annular denuder consists of a particle size separator and a series of coated 
denuder tubes followed by a filter pack for the collection of particles.  The NH3 collected 
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on the coated walls is then extracted into water and analyzed.  In this case, the NH4+ 
concentration was then analyzed via ion chromatography (IC) (Mennen et al., 1996).   
In the TEI chemiluminescence monitor, NH3 is converted to NO as it passes through 
a stainless steel converter.  The monitor then measures the concentration of NO, and by 
comparing concentrations measured with different scrubber paths, the NH3 concentration 
may be determined (Mennen et al., 1996). 
In this study, tests were completed in both field and laboratory settings and the 
instruments were then evaluated based on criteria deemed necessary for the proposed 
ambient air measurements.  The continuous-flow denuder was found to be the most 
satisfactory due to its low detection limit, high precision, large linear range with few 
interferences, high accuracy, and fast response time.  Disadvantages were found to be the 
instrument’s need for frequent maintenance and temperature dependence and drift, 
requiring frequent calibration of the instrument.  The DOAS system was found to have 
good agreement with the continuous-flow denuder, but had a higher than desired noise 
level and required frequent attention for proper operation.  However, it was stated that as 
long as NH3 levels were not very low (<5 µg m-3) and accurate short period averages (<5 
minutes) were not required, the DOAS instrument would be useful for measurements 
over open fields or paths, especially where the path-averaging character is an advantage.  
There was found to be some discrepancy between concentrations found by the annular 
denuder system compared to the other systems tested.  Some of the discrepancies could 
be explained by the saturation (the capacity was approximately 300 µg) of the acid 
coating during 72-hour sample periods; however, there was uncertainty as to what caused 
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the other discrepancies.  The other systems did not perform as desired for use in the 
monitoring system.  The two thermodenuders were rejected based on the relatively high 
number of interferances (humidity, NH4+, HNO3, and peroxyacetyl nitrate (PAN)) which 
caused unacceptable deviations.  The photoacoustic monitor seemed to require a large 
amount of maintenance and was found to yield what appeared to be somewhat inaccurate 
concentrations.  The TEI fulfilled most of the requirements, but was found to suffer 
severely from NH4+ interference (Mennen et al., 1996).    
One of the most widely used techniques for NH3 measurements from area sources is 
that of denuder systems.  A variety of systems exist including passive and forced flow, 
and these have been used with a variety of coatings such as citric acid, phosphoric acid, 
and oxalic acid (Mennen et al., 1996; Fitz and Pisano, 2002; Yang et al., 2003).  One 
example of the use and development of a denuder system are passive fabric denuder 
systems investigated by a research team from the University of California Center for 
Environmental Research and Technology in the hopes of obtaining an economical and 
practical NH3 sampling technique (Fitz and Pisano, 2002).  In this study, four fabric 
denuders constructed from cotton fabric were coated with phosphoric acid and placed 
between sections of PVC pipe.  Ammonia was collected as the sample air diffused 
through the weave of the fabric.  A schematic of the sampler construction is shown in 
Figure 4. 
Laboratory results were successful, and through which, the optimum phosphoric 
acid concentration of the coating solution and the sampler orientation in regard to wind 
direction needed to obtain the desired collection efficiency were identified.  However, in 
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field studies at dairy and pig farm locations, where emissions from a lagoon, general farm 
yard, animal housing areas, and fertilized fields were measured a poor correlation was 
found between the concentrations measured by the passive denuder samplers and data 
obtained via active sampling techniques.  This was likely due, in part, to inconsistencies 
in coating the denuders with the phosphorous acid used for collection and to the apparent 
dependency of the passive samplers on the wind direction.  The investigators speculated 
that if the wind was not blowing directly into the sampling device then the sample air 
would not move through the sampling device optimally, leading to poor NH3 collection 
(Fitz and Pisano, 2002). 
 
 
 
Figure 4.  Passive sampler using four fabric denuders (Fitz and Pisano, 2002). 
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A study focusing on the flux of NH3 from fertilized fields was conducted in China.  
The purpose of this study was to compare different integrated horizontal flux (IHF) 
methods (denoted as IHF(L) and IHF(S)) and a chamber method, the Drager-Tube 
Method.  The INF(L) methodology was stated as having plastic, passive NH3-flux 
samplers mounted on a measurement mast at 5 different heights above the ground.  Fins 
were put in place to keep the samplers aligned with the wind.  The IHF(S) method also 
consisted of samplers at five heights, but in this case, the samplers consisted of two pairs 
of glass tubes coated with oxalic acid.  In the Drager-Tube method, air was pulled though 
soil chambers by means of a hand pump.  An NH3-sensitive Drager gas-analysis detector 
tube then displayed the NH3 concentration in the sample air.  Samples were taken at 
various heights over a field fertilized with urea and then the results from the different 
methods were compared.  A fair amount of difference was found between the data from 
the three techniques.  It was conjectured that these variations were likely due to the 
inability of the samplers to totally adapt to meteorological variations such as wind 
direction (Pacholskl et al., 2008).  
An assortment of spectroscopy techniques have also been used for the measurement 
of ambient NH3.  Researchers from Washington State University have worked to develop 
DOAS as a viable technique for measuring NH3 concentrations from agricultural sources.  
Dairy NH3 concentrations were measured from slurry lagoons, housing areas, and fields 
fertilized with slurry by sprinkler application.  Similar to other open path techniques, 
DOAS has several advantages such as: collection of real-time measurements that do not 
require further laboratory analysis (aside from the use of algorithms for data reduction), 
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the ability to measure several trace species such as NH3, NO, and SO2 simultaneously, 
accuracy that is dependent on independently measured differential cross sections of the 
species, the quality of the measured spectrum, the spectral algorithm used for 
deconvolution, and, as the measurements take place in the open air, there are no walls or 
inlets for ammonia adherence (Mount et al., 2002). 
Another spectroscopy technique, Fourier transform infrared (FTIR) spectroscopy 
was utilized by Griffith and Galle (2000) for the measurement of NH3, CO2, and N2O.  
This system operates by creating an interferogram which allows the spectra from the 
infrared signal to be differentiated and the species of interest to be quantified after being 
exposed to sample air and collected by the detector.  Measurements were conducted over 
a field containing young wheat crop that had been fertilized with pig manure.  The 
objective of the experiment was to compare slightly different methods for analyzing the 
spectra.  It was determined that a method in which single-beam spectra were converted to 
absorbance using pre-collected reference spectra of pure N2 had the advantage that it 
yielded absolute concentration measurements.  It was also stated that NH3 is ideally 
suited to FTIR due its detailed spectrum relatively clear of other absorption lines except 
for isolated H2O lines.  Also, the background concentration in clean air is small, reducing 
the complication of measuring small concentration differences against a high 
background.  This further allows for a low detection limit and high precision.   
 
Dairy emission rates 
Several studies have attempted to quantify NH3 flux from various agricultural 
area sources.  The amount of NH3 emission can vary based on several factors including 
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animal diet (in particular the amount of nitrogen that an animal ingests), the cleaning and 
storage practices at a particular facility, and the age and role of an animal (CENR, 2000).  
Literature estimates have been determined using a variety of methods including inverse 
modeling from measurements taken by the authors and the use of previously determined 
rates that were then manipulated based on meteorological and facility conditions.  A 
summary of some of these emission rates is found in Table 1. 
Some amount of seasonal and daily emission rate variations can also be expected 
with changes in temperature and other meteorological conditions.  Rumburg (2006) 
reported a lagoon emission rate of 30 µg/m2/s at an ambient temperature of 11°C and a 
rate of 150 µg/m2/s at 27 °C.  Furthermore, Flesch et al. (2009) reported a summer lagoon 
emission rate of 46-104 µg/m2/s when sample time ambient temperatures were 18-22 °C 
and a fall emission rate of 23-51 µg/m2/s at a temperature of 3.5 °C. 
 
Table 1.  Literature emission rates (1 AU = 500 kg) 
Study Emission rate Measurement Technique 
Dairy Facility g/d/animal  
Arogo et al. (2006) 3.6 - 43.2 (g/d/AU) Compilation of literature values 
Cassel et al. (2005) 19 – 143 Passive filter packs 
Flesch et al. (2009) 93 - 100 Open-path lasers 
Misselbrook et al. (2006) 13.7 ± 2.6 Dynamic chambers and passive diffusion samplers 
Moore (2007) 133 ± 34.5 Passive samplers 
Mukhtar et al. (2008) 25.8 ± 15.6 Chemiluminescence monitor 
Pinder et al. (2004) 65.5 Literature search 
Lagoon g/d/m2  
Flesch et al. (2009) 2.3 – 8.7 Open-path lasers  
Fitz and Pisano (2002) 0.48 - 0.96 Passive fabric denuders 
Moore (2007) 0.96 – 5.3 Passive samplers  
Mukhtar et al. (2008) 0.24 Chemiluminescence monitor 
Rumburg et al. (2008) 2.6 – 13.0 DOAS 
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Experiment Objective 
 
 
The objective of this study was to quantify NH3 air concentrations emitted from 
diffuse area sources, as is typical in dairy settings, using a variety of measurement 
techniques.  These concentrations were then used in combination with three air quality 
models, ISCST3, AERMOD, and WindTrax, to estimate emission rates from sources 
within dairy facilities using techniques of inverse modeling.  Comparisons of the 
concentration data and the emissions rates obtained using the various measurement 
techniques were assessed.  In addition, technique evaluation and discussion of potential 
individual method superiority are addressed.   
 
Methodology 
 
 
Measurement techniques 
Data were collected during two field campaigns using a variety of sampling 
equipment.  The gas-phase NH3 measurement techniques utilized were: an array of 
passive diffusion samplers, a single annular denuder system, a single or paired Fourier 
transform infrared spectrometer(s) (FTIR), a paired (upwind and downwind) set of 
differential optical absorption spectrometers (DOAS), and a portable wind tunnel in 
conjunction with a chemiluminescence monitor. 
Passive samplers.  Ogawa passive samplers (Ogawa USA, Inc., Pompano Beach, 
Florida) were used to determine time-averaged concentrations of ambient NH3 at each of 
the described field experiments.  This sampler is shown in an exploded view in Figure 5. 
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Figure 5. Owaga Passive Sampler schematic.  The sampler consists of a sampler body 
(6), a diffusive barrier end-cap (1), a reactive filter (3), inner and outer stainless 
steel screens (2), a retainer ring (4), and a base pad (5) (Roadman et al., 2003). 
 
The samplers consist of a solid Teflon cylinder with two open, but unconnected 
ends, each containing a reactive glass fiber filter impregnated with citric acid.  The filter 
is mounted between two stainless steel screens (0.152 cm2 open area, 0.02 cm thick) 
situated behind a diffusion-barrier end-cap containing 25 holes (open area of 0.785 cm2, 
0.6 cm thick).  Absorption filters can be placed in both ends for the purpose of 
replication, however, during this study, the samplers were only loaded with one filter. 
 Prior to deployment, the samplers were prepared by placing a citric acid coated 
filter in one end of the sampler.  Once loaded, the samplers were stored in air tight plastic 
bags inside of air tight screw-top brown vials until removal at the sampling location.  
During the sampling period, the samplers were attached to associated sampler support 
clips and then covered by a shielding weather cap to protect the sampler from rain, dust, 
and wind.  Figure 7 shows the passive sampler in place without the weather cup and 
Figure 8 shows the cap in place.  An additional preliminary step was to estimate the NH3 
concentration at the sampling location so that deployment time could be selected based 
on a chart developed by Roadman et al. (2003) (shown in Figure 6) in an effort to collect 
a proper sample without overloading the collection pad.  The sample pad becomes 
overloaded when the filter surface has fully reacted with the NH3 (at about 10 µg NH3-N) 
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requiring subsequent gas molecules to penetrate through the reacted surface layer which 
likely changes the mass transfer rate.  Once this has occurred, linear diffusion of NH3 can 
no longer be assumed, and analysis will likely yield an artificially low ambient 
concentration. 
Following the sampling period, the total deployment time was noted and the 
samplers were returned to the plastic bags and vials and were taken to a laboratory-type 
setting where the sample pads were unloaded into 10 ml opaque brown, polyethylene 
vials for further preparation.  In addition to the sample pads set out for collection of NH3, 
a lab blank and field blank were set aside for each sample period.  The lab blanks were 
pads removed from the original vial at the same time as those placed in the samplers, but 
were rather placed directly into the extraction vials.  The field blanks were taken from a 
randomly selected loaded sampler that was taken to the sample location, but never 
removed from the air tight vial and thus never exposed to the ambient air. 
 
 
Figure 6.  Deployment time chart developed by Roadman et al. (2003). 
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Figure 7.  Passive sampler without the weather cap. 
 
 
Figure 8.  Passive sampler with weather cap in place. 
 
 Ion chromatography (IC) was used to evaluate the amount of NH3 gas collected 
on the sample pads.  In order conduct this analysis, 8 ml of DDW (double-de-ionized 
water) was added to each vial containing a used sample pad.  Following this, the vials 
were then placed on a sonicator for 10 minutes to ensure release of the NH4+ (once 
captured on the pads the NH3 is converted to NH4+ under the acidic conditions created by 
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the citric acid) into solution.  Following sonication, 10 µg of 0.5 M hydrochloric acid 
(HCl) was added to each sample to make certain the ionic ammonium form was 
maintained in the aqueous solution to prevent any revolatilization and loss of the 
collected NH3 from solution.  Four milliliters of sample solution was then filtered into IC 
vials for analysis using non-sterile syringes and 0.2 µm nylon filters. 
 The IC instrument (Dionex Corporation) was equipped with an AS 40 Automated 
Sampler, CE20 Conductivity Detector, GP 40 Gradient Pump, Membrane Suppressor, LC 
Chromatography Oven, IonPac® CS12A cation column, CG12A cation guard column, 
and a 500 µL sample loop.  The IC method used for analysis of NH4+ was a 13-minute 
run time method, using 0.03 N sulfuric acid (H2SO4) solution as eluent.   
Prior to sample analysis, a standard curve was prepared for comparison and 
quantification of the sample data.  Standards were prepared by combining 0.0745 g of 
powdered NH4Cl and DDW to 250 ml, creating a 100 ppm solution.  This stock 100 ppm 
solution was then used to create standards in steps of 0.1, 0.2, 0.4, 0.6, 0.8, and 1 ppm 
NH4+ concentration, which were then analyzed on the IC instrument to create the 
standard curve.  DDW blanks and continuous calibration verification (CCV) standards 
were also analyzed systematically throughout sample analysis to help ensure quality 
control. 
 Once a NH4+ concentration was obtained from the IC analysis, an ambient NH3 
concentration was calculated.  To calculate this concentration, it was necessary to know 
the time of deployment and the temperature during sampling.  As described by Roadman 
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et al. (2003), the flux of NH3, J (mass area-1 time-1), into the collection surface in the 
Ogawa sampler can be described using Fick’s Law: 
x
CDJ B ∆
∆
=                        (5) 
where DB is a bulk gas diffusion coefficient, Δx is the diffusion distance through the 
sampler to the collection pad, and ΔC is the difference between the average ambient 
concentration (CA) and the concentration at the reactive surface (Cs).  The mass load of 
NH3(g), M, (which was known by multiplying the NH4+ concentration found by the IC 
analysis by the ratio of the molecular weight of NH3 to that of NH4+) is a function of 
deployment time, t, the effective cross-sectional area open to diffusion, A, and the flux, J: 
x
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∆
==                       (6) 
Since A and DB can be determined from the geometry of the sampler and CS = 0 (due to 
rapid and complete gas trapping), CA can be directly related to M and t: 
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where mB = (DBA/Δx) is the “mass transfer coefficient” or “sampling rate” for the 
sampler.  The mass transfer coefficient, mB, is dependent on the geometry of the 
sampler’s diffusive pathways and the molecular diffusivity of the NH3(g), DNH3(T).  DNH3 
has been reported as a function of temperature (K) at 1 atm pressure as: 
( )
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To reach the reactive filter, NH3(g) diffuses through the diffusive-barrier end-cap and 
outer screen.  By analogy to laminated solids, the bulk mB is related to the component 
mass transport coefficients for the end-cap (mDBEC) and the screen (mOS) as follows: 
OSDBECB mmm
111
+=                        (9) 
By first calculating the diffusion coefficient, DB, the mass transport coefficient, mB, can 
be calculated, and finally the ambient NH3 concentration. 
 For example, assume that an IC reading of 0.85 µg/ml NH4+ was obtained from a 
sample collected by the passive sampler.  Also assume that this was accompanied by an 
average field/lab blank value of 0.03 µg/ml NH4+.  This corresponds to a collected mass 
of 6.42 µg NH3 found by multiplying the IC reading by the 8 ml extraction volume and 
by the ratio of NH3 (17 g/gmol) to NH4+ (18 g/gmol) molecular weights.  This is further 
manipulated by subtracting the mass collected on the “blank” sample pads yielding an 
adjusted mass of 6.23 µg.  In order to calculate the bulk gas diffusion (DNH3) and mass 
transfer (mNH3) coefficients, and ultimately the ambient NH3 concentration, the average 
temperature and pressure during the sampling period, as well as the time of sampling 
must be known.  For this case, 21 °C, 752 mm Hg, and 12 hours or 720 minutes will be 
assumed.  The bulk gas diffusion coefficient is calculated according to Equation 8, with 
the given temperature of 21 °C (294.15 K) yielding DNH3 = 0.228.  Equation 9 can then be 
used to calculate the mass transfer coefficient.  Recalling that m = (DA/Δx) and that the 
area (A) and thickness (Δx) of the diffusive end cap and stainless steel screens are 0.785 
cm2 and 0.6 cm and 0.152 cm2 and 0.02 cm, respectively, mNH3 = 15.2 cm3/minute.  
Finally, ambient concentration can be calculated by rearranging Equation 7 to solve for 
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CA = M/(mNH3*t).  M is the collected mass of NH3 (6.23 µg), and CA is therefore 
calculated to be 569.0 µg/m3 (note the conversion from cm3 to m3, 1x106 cm3 = 1 m3).  
This technique has a reported lower detection limit of 2.3 ppb for an exposure 
time of 24 hours (Ogawa & Company USA, 2008).  However, based on the method 
detection limit (MDL) determined for the IC instrument utilized for analysis, 0.011 µg/L, 
found by taking the standard deviation of seven 0.1 mg/L standard sample IC readings 
and multiplying by the Student’s t-statistic for the 99th percentile for n-1 degrees of 
freedom, an detection limit specific to the analysis performed in this study was found to 
be about 6.0 ppb for an exposure time of 24 hours.  Further, the reproducibility of this 
sampling system was reported as 5-10% by Roadman et al. (2008). 
The passive sampling technique can be easily deployed in nearly any location and 
is inexpensive (the samplers with the shelter included cost about $95 a piece and sample 
pads cost $112 per vial of 40).  NH3 is efficiently collected on the sample pad (Roadman, 
2003) and little maintenance of the samplers is required aside from rinsing after sample 
collection.  However, it should be noted that care must be taken to avoid overloading the 
sample collection pads and in context of the heterogeneity of the environment, the 
concentration measured by a single sampler can only be considered representative of a 
single point.  Also, due to the need for subsequent laboratory analysis this technique in no 
way approximates real time measurement.      
Denuder.  A URG Model 3000C acid gas annular denuder system was used also 
for collecting ammonia samples.  The annular denuder system is an active sampling 
system designed to collect particles and gaseous species simultaneously.  The URG 
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denuder is modular to allow for various setups according to sampling needs.  The sample 
air is pulled through the system by a pump which creates a vacuum.  The air passes first 
through a size selective (2.5 µm) cyclone inlet, and is then pulled up through annular 
denuder walls coated to collect the gaseous species of interest before it finally encounters 
a filter, which collects any particulate matter in the air (URG, 2000).  A photo of this 
system is shown in Figure 9. 
 
 
Figure 9.  URG annular denuder (URG, 2009). 
2.5 µm cyclone 
 
Annular Denuder 
 
Stacked filter pack 
 
Outlet where tubing 
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pump attaches 
 
24 
 
Ammonia gas collection during this study was accomplished by using two 
denuder tubes in series, except in one case when three tubes where used to prevent any 
breakthrough during a longer sampling period.  The tubes were coated prior to use for the 
collection of NH3 with a solution consisting of 1.0 g citric acid, 99 ml methanol, and 1 ml 
glycerol.  In order to properly coat the tubes, an excess amount of solution was placed in 
each tube and the tube was rotated to ensure that all the surfaces were coated.  The excess 
coating solution was then allowed to drain off and saved for analysis of any potential 
contamination problems.  The tubes were dried using dry, filtered air, and were then 
capped until deployment at the sampling location.   
During sampling, air was drawn through the system at approximately 10 liters per 
minute and the flow rate was monitored by a dry gas meter.  This gas meter was 
calibrated prior to use using a Gilian soap bubble meter, or “Gilabrator” to ensure 
accurate flow measurement.   
Following the collection period, the coating solution was rinsed with 10 ml of 
DDW for about 30 seconds to remove the coating solution and the associated NH4+ for 
further analysis.  These samples were analyzed using the same IC method used to analyze 
the passive sampler pads as described in the previous section. 
The lower detection limit of the annular denuder was reported by Mennen et al. 
(1996) as 0.3 µg/m3.  In addition, instrument precision was reported as 0.3 µg/m3 at low 
concentrations and 2% at high concentrations and it was stated that an accuracy of 10% 
could be expected.   Further, the denuder has a collection efficiency of 95% and a linear 
range of 0.5-300 µg/m3. 
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The major advantage of this measurement technique is the ability of the 
instrument to simultaneously collect gaseous and particulate species.  In addition, the 
system is relatively compact and easy to deploy.  However, this denuder is moderately 
expensive (about $5000) and is designed for single point sampling.  Time must be also 
allowed for the pre-sample coating of the tubes and post sample collection rinsing of the 
denuder tubes.  Furthermore, laboratory analysis is required before the concentration NH3 
can be determined.  Instrument maintenance includes the cleaning of the tubes and 
calibration of the air flow meter.  
FTIR.  Three different FTIR systems, one apiece from the Space Dynamics Lab 
(SDL) associated with Utah State University, the University of Idaho (U of I), and the 
USDA Agricultural Research Service (ARS), were used during the various phases of this 
project.  Fourier transform infrared (FTIR) spectroscopy utilizes an infrared signal and 
Fourier transforms to detect and quantify gaseous species in the air based on path 
integrated samples.  Figure 10 shows a schematic of the basic FTIR set up.  Figure 10 
shows the SDL FTIR. 
 
 
Figure 10.  FTIR operation schematic (KISSC, 2009). 
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Figure 11.  The SDL FTIR (right) and ARS FTIR (inside tent on the left side) set up to 
take parallel measurements. 
 
The signal originates from a glow bar that emits infrared radiation which is then 
transferred through a beam splitter to an interferometer.  The SDL instrument contains a 
double pendulum interferometer, which rocks back and forth between two reflectors at a 
speed determined by the desired resolution.  The signal is thus reflected back to the beam 
splitter creating what is referred to as an interferogram, an example of which is shown in 
Figure 12 (Cassi Going, personal communication, September 4, 2008).  As seen in Figure 
12, as the beam is reflected off of the two reflectors and recombines, the signal undergoes 
both constructive and destructive interference.  The purpose for creating this interference 
is that it allows the different wavelengths of light to be differentiated within the signal.  
The recombined signal then exits the instrument through the telescope, travels through 
the open sample pathway to a reflector, where it is then returned to the FTIR’s detector (a 
sterling cycle cooled MCT detector) and data logged.  The U of I instrument differs in 
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that it contains a Bomem Michelson interferometer with a liquid nitrogen cooled detector.  
The data are then processed to determine the species present and the air concentration of 
those species.  This can be done because each species absorbs light at particular 
wavelengths, which for NH3 is in the region of 1000 cm-1.  Fourier transforms 
(mathematical manipulations that relate a signal, curve, or algebraic function to its 
frequency content (Ni and Heber, 2001)) are applied to the returned data to create a single 
beam spectrum or frequency domain in which the signal intensity is plotted versus the 
wave number (inverse wavelength, λ-1) (Cassi Going, personal communication, 
September 4, 2008).  An example single beam spectrum which shows both a spectrum 
taken both when NH3 was present and when it was absent can be seen in Figure 13. 
 
 
Figure 12.  Example of an interferogram created in the SDL FTIR. 
 
 
Sample # 
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Figure 13.  Example single beam spectrum both with and without NH3. 
 
The sample measurement is then compared with a background measurement, 
obtained by taking a measurement at a wavelength equal to that of the sample wavelength 
when the target gases are absent or in minimal ambient quantities, to correct for the effect 
of species such as CO2 and H2O, which also strongly absorb the FTIR signal.  A ratio of 
the sample to background frequency domain is then created to yield the transmittance of 
the signal.  This transmittance (T) is used to create a plot of absorption (A = -log10T) 
verses wave number.  These data are then fit to a spectral library created by the National 
Institute of Standards and Technology (NIST) to find the partial least square fit, and 
finally, to determine the concentration of the species of interest.  In the case of SDL, this 
data processing is performed by a MATLAB program created by Limin Shao and Peter 
Griffiths from the University of Idaho (Cassi Going, personal communication, September 
4, 2008).  For the analysis of NH3 a resolution of 1 cm-1 is used, which allows for 13 to 
14 samples to be taken per minute.  Samples are then co-added (about sixteen samples 
per set) to average the interferograms and eliminate the noise in the signal before analysis 
by the MATLAB program (Cassi Going, personal communication, September 4, 2008). 
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The FTIR instrument measures the total amount of the species of interest 
contained in the sample path.  Therefore, the NH3 concentration is returned as ppm-m 
(parts per million meters).  Or in other words, the concentration in ppm summed over the 
entire path length.  The detection limit for the SDL FTIR instrument is approximately 10 
ppm-m.  So, in order to obtain detection and proper quantification of low concentrations 
the pathlength must be extended.  Theoretically, the pathlength can be as long as 500 m 
(note that while the pathlength is stated as the distance between the telescope and the 
reflector, concentration calculations are based on the total distance traveled by the signal, 
to the reflector and back), which would allow for detection of ambient concentrations as 
low as 0.01 ppm.  However, at such lengths it is difficult to maintain good signal 
resolution due to divergence of the infrared beam which greatly reduces the signal to 
noise ratio, and thus shorter pathlengths are more desirable (Cassi Going, personal 
communication, September 4, 2008).  
An estimation of error in the FTIR measurements was obtained at SDL by 
calculating the signal to noise ratio.  This was found by collecting data at different 
pathlengths and at different gain settings.  After data were collected, a mean value and 
standard deviation of the signal (in ppm-m) was calculated.  The signal-to-noise ratios (in 
units of decibels) were calculated according to Equation 10. 
                                     (10) 
While this technique offered an estimation for the error of the measurements taken in this 
study, it should be noted that the precision and accuracy of FTIR systems in general is 
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dependent on instrument quality and the settings (resolution, amount of co-adding, etc.) 
used for sampling. 
In addition to the basic FTIR assembly, the SDL system has been configured to 
allow the use of a rotating turret.  This turret rotates on top of a scaffolding structure and 
is equipped with a mirror to redirect the FTIR beam.  This turret, and its controlling 
software, allows an operator to set sampling points so that scans of different paths (e.g. 
background vs. source) may be taken in close succession without the FTIR itself having 
to be physically moved and realigned. 
This instrument is expensive ($50,000 - $100,000 depending on instrument 
specifics) and requires a minimum of two people for set up.  However, the FTIR collects 
data without disturbing the sample medium and the data collected can be analyzed in the 
field.  In addition, as this is a path integrated sampling technique, the concentration 
measured offers a broader picture of the concentration and with the turret setup multiple 
paths can be measured in close succession with one setup location of the instrument.  
Instrument maintenance includes occasional cleaning of the retroreflectors and optics of 
the instrument.  When sampling in the field, care must also be taken to ensure that the 
instrument does not overheat or that conditions don’t change to cause misalignment of 
the laser. 
DOAS.  An ultra-violet differential optical absorption spectrometer (UV-DOAS) 
was also operated to obtain integrated path samples during portions of the field 
campaigns.  DOAS can be used for molecules that show differential photoabsorption over 
the spectral bandpass of a spectrograph.  In this system, the differential structure of the 
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absorption is measured, not the absolute attenuation of the radiation over the measured 
path (Rumburg, 2006).  The goal of this system, as in other spectroscopy techniques, is to 
find absorbance (A), which is the log ratio of the light intensity in the absence (I0) and 
presence (I) of the absorbing species of interest.  This is expressed using the Beer-
Lambert law, Equation 11: 
A = ln(I0/I) = σNL              (11) 
where σ is the absorption cross section of the target gas species, N is the concentration, 
and L is the path length (Finlayson-Pitts and Pitts, 2000).  Yet, due to the fact that so 
many species absorb light in this UV region, and because of Rayleigh and Mie scattering, 
the “true” I0 cannot be easily measured.  The broad background I’0, can be interpolated 
from the measurements of I(λ).  So, rather than measuring (I0/I) the ratio of (I0A’/IA) 
(where A, in this case, denotes a specific measurement sample) is measured and the 
differential optical absorption (D), rather than the true optical absorption (A) is measured.  
This also follows a Beer-Lambert relationship (Equation 12), where σ’ is the differential 
optical absorption cross section for the absorption band of the target gas species 
(Finlayson-Pitts and Pitts, 2000): 
      D = ln(I0A’/IA) = σ’NL         (12) 
The DOAS system used in this study was an UVSentry Real-time Multi-gas Open 
Path DOAS (Cerex Monitoring Solutions, Atlanta, GA).  Figure 14 contains a photo of 
the source and detector modules for the UVSentry system. 
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Figure 14.  Photo of the UVSentry DOAS system (Cerex, 2008). 
 
In this system, a broadband ultraviolet light signal is produced by a Xenon lamp.  
This signal is collimated (the light rays are made parallel to reduce spreading) and 
projected through the sample path by telescope optics to a receiver at the opposite end of 
the sample pathway.  The receiver is constructed with similar telescope optics which 
capture the incoming light and focus it into a fiber optic cable.  This cable is used to route 
the light to a high resolution UV spectrometer for analysis.  This spectrometer is based on 
charge capacitor diode array (CCD) technology.  Inside the spectrometer the light is 
broken down into various wavelengths by sending it through a holographic grating.  The 
light then hits the CCD array which in turn charges the capacitors.  The charge produced 
is proportional to the intensity of the light signal at each frequency.  The collected data 
are then analyzed by the accompanying UVSentry software (Cerex, 2008).   
The advantages and disadvantages of the DOAS system are similar to that of the 
FTIR.  DOAS instruments are available commercially and have an instrument cost in the 
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10’s of thousands of dollars.  This technique offers an open-path measurement, with no 
collection of the actual sample medium and with the accompanying software, near real-
time measurement can be achieved.  The UVSentry DOAS system has a reported 
detection limit of 1.59 ppm-m (6 ppb at a pathlength of 250 m) (Cerex, 2008).  However, 
as was the case with FTIR spectrometers, the precision and accuracy of a DOAS 
instrument depends mostly on the instrument quality. 
 Portable wind tunnel.  A portable, floating wind tunnel, developed by de Haro 
Marti et al. (2007) was also used to collect and measure NH3.  The wind tunnel used in 
this study was a stainless steel enclosure with an open bottom placed over the emitting 
source, in this case, the surface of the Idaho dairy lagoon.  Using the wind tunnel, NH3 is 
collected as ambient or filtered air is drawn through the tunnel to mix with and transport 
gases away from the emitting surface.  The tunnel consists of an inlet stack, a fan, an 
expansion chamber, an air filter, the tunnel body, a mixing chamber, an outlet baffle, and 
three gas sampling ports, as shown in a side view schematic in Figure 15.  Figure 16 
shows the wind tunnel in place on the Idaho lagoon surface.   
 
 
Figure 15.  Wind tunnel schematic, side view (Schmidt and Bicudo, 2002). 
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Figure 16.  Portable wind tunnel in place on the Idaho dairy lagoon surface. 
 
One sampling port in the expansion chamber allows for sampling of inlet air, a second 
allows for sampling of the post filter air, and the third sampling port is in the tunnel outlet 
and used to sample outlet air.  The concentration in the exhaust air stream in combination 
with the airflow in the tunnel was used to estimate the emission rate from the lagoon 
(Schmidt and Bicudo, 2002).  The NH3 concentration was determined by transporting the 
combined air stream via Teflon tubing to a Thermo Environmental (Franklin, 
Massachusetts) Model 17C Chemiluminescent Ammonia Analyzer housed in a trailer 
adjacent to the wastewater lagoon.   
In addition to the NH3 concentration, the Model 17C analyzer can be used to find 
NO and NO2 concentrations as well.  The analyzer operates by drawing air into the 
reaction chamber with an external pump.  Prior to reaching the reaction chamber, the NH3 
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and NO2 are converted to NO via catalytic conversion.  The NH3 conversion to NO 
proceeds as per Equation 13.   
4NH3 + 5O2 → 4NO +6H2O                    (13) 
This reaction takes place in a heated (approximately 775 °C) stainless steel converter 
with the steel acting as a catalytic active metal.  The NO reacts with instrument-generated 
excess ozone (O3) in the reaction chamber as shown in Equation 14. 
NO + O3 → NO2 + O2 + Light                   (14) 
Light emission results when electronically excited NO2 molecules decay to lower energy 
states.  The light emission is detected by a photomultiplier tube (PMT), which in turn 
generates an electrical signal proportional to the light emission, and further the NO 
concentration.  The instrument operates in three different modes in order to differentiate 
the three different samples species, NO, NO2, and NH3.  The first mode is when just NO 
is measured, prior to conversion of the other species.  This value is subtracted from the 
NOx mode which is measured after NO2 conversion but prior to NH3 conversion to obtain 
the NO2 concentration.  Finally the NH3 concentration is determined by subtracting the 
concentration of NO measured prior to NH3 conversion (NOx mode) from the total NO 
concentration measured after conversion.  A schematic illustrating the general operation 
of the chemiluminescent detector is shown in Figure 17.  NH3 is measured by the 
inclusion of an upstream NH3 oxidizer as described above.  The lower detection limit, 
precision, and accuracy of this system was reported by Mennen et al. (1996) as 0.35 
µg/m3, 0.2 µg/m3, and 7-13%, respectively. 
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Figure 17.  Schematic diagram of the general principle of chemiluminescent detector for 
NOx and NH3 (Thermo Environmental Instruments, 2009). 
  
The chemiluminescent monitor produces concentration results with a delay of 
only two minutes and is a compact monitoring system (Ni and Heber, 2001).  In 
combination with the wind tunnel structure, a sample can be collected that isolates only 
the emitting surface of interest.  However, depending on the location, setup can be 
somewhat difficult and the air flow through the wind tunnel can create conditions that 
may be unrepresentative of ambient conditions.  Additionally, this system only measures 
a small section (0.32 m2) of the target surface at any point in time.  Cost must also be 
considered.  The NH3 monitor cost is about $10,000 plus the cost to manufacture the 
wind tunnel enclosure. 
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Meteorological measurements 
A Davis Weather Station Vantage Pro Plus was used to collect meteorological 
data.  Parameters of interest included: temperature, barometric pressure, wind speed, and 
wind direction.  In addition, HOBO sensors were used to collect vertical temperature 
profile data in order to determine the Pasquill-Gifford stability classifications as 
described by Turner (1994).  Wind direction and velocity and temperature data utilized in 
combination with the measurements made by the DOAS system were obtained with a 
three dimensional (3-D) anemometer (R.M. Young, Traverse City, Michigan). 
 
Modeling 
 ISC-AERMOD View software packaged by Lakes Environmental, Inc. was used 
to operate two EPA permitting models, the Industrial Source Complex Short-Term Model 
(ISCST3) and the American Meteorological Society/Environmental Protection Agency 
Regulatory Model (AERMOD), for modeling NH3 concentrations and determination of 
area source emission rates using techniques of inverse modeling.  Both models are 
included among the U.S. EPA approved models listed in Appendix W of 40 CFR Part 51 
(U.S. EPA, 1998).  In November 2005, AERMOD was recommended for all regulatory 
applications (U.S. EPA, 1995, 2005).  Both models assume steady-state conditions, 
continuous emissions, conservation of mass, and a Gaussian plume dispersion 
distribution.  The Gaussian distribution assumes that the time-averaged pollutant 
concentration, Cx,y,z, at a point downwind from the source is a function of source flux (Q), 
average wind speed (u), atmospheric stability expressed as the vertical and cross-wind 
dispersion coefficients, σz and σy, respectively, the distance from the plume center line 
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(y), the receptor height (z), and the effective stack height (H), as given in Equation 15 
(Arya, 1998).   
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The two models differ in that ISCST3 assumes a Gaussian distribution of pollutants in 
both the horizontal and vertical directions based on discrete, time-averaged 
meteorological data; whereas AERMOD uses continuous functions for atmospheric 
stability determinations, and assumes a Gaussian distribution in the horizontal direction 
and, in the vertical direction, based on the stability, uses a Gaussian distribution for stable 
atmospheric conditions and a bi-Gaussian probability density function (PDF) to describe 
the vertical concentration distribution in unstable conditions (Cimorelli et al., 2004).  Due 
to the more complex handling of the meteorological conditions, in addition to the data 
required by ISCST3 (wind speed, wind direction, temperature, and ceiling height), 
AERMOD also requires cloud cover, dry bulb temperature, relative humidity, barometric 
pressure, precipitation, and insolation values to assess the conditions for modeling. 
In addition, the DOAS measurements were used in conjunction with the vendor-
supplied WindTrax software tool which is a backwards Lagrangian stochastic model.  
Rather than deriving a time-averaged plume over a fixed-coordinate system, Lagrangian 
stochastic (LS) models predict the path followed by parcels of air before they reach a 
receptor by simulating turbulent dispersion and determining particle trajectories.  The LS 
model is based on a generalized Langevin equation, using the assumption that particle 
velocity and particle position evolve jointly as a Markov process (Faulkner et al., 2007).  
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Emission rates corresponding to the DOAS data were calculated within the WindTrax 
program. 
 Emission rates were determined using the ISCST3 and AERMOD models via the 
technique of inverse modeling.  The observed emission rate was determined by 
comparing actual measured values (Cobserved) to modeled concentrations (Cmodeled) at the 
various receptor locations (see Equation 16).  It must be noted that the “observed” 
concentration was actually the measured downwind concentration minus the average 
measured upwind concentration to account for local background NH3 values.  The 
models were prepared using seed emission rates obtained from literature outlined in 
previous studies summarized in Table 1.  By multiplying these emission rates (Eseed) by 
the ratio of concentrations an observed emission rate could be obtained.  Further, 
individual measured-to-modeled ratios and observed emission rates were first calculated 
for each receptor point, following which, these values were averaged to obtain the 
reported average observed emission rates. 
                                              






=
eled
observed
seedobserved C
CEE
mod
                                                 (16) 
 
Sampling campaigns and configurations 
The first field campaign took place on October 1-6, 2007 in south-central Idaho 
on a 6000-head, freestall dairy.  At this location, a large (approximately 24.2 acre) 
wastewater lagoon was the focus of the measurements.  Measurements of NH3 emitted 
from the large liquid waste lagoon were taken by two FTIR systems scanning along the 
east bank of the lagoon, a wind tunnel system deployed on the surface of the lagoon in 
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the southeast corner, 24 passive samplers surrounding the lagoon, three of which were 
used to collect duplicate samples, an annular denuder system in the northeast corner of 
the lagoon collocated with two of the passive samplers, and two DOAS systems located 
one each on the east and west sides of the lagoon to collect presumably upwind 
(background) and downwind data.  Figure 18 shows a Google EarthTM image of the 
lagoon with an overlay of the sampling configuration.  Nine daytime sampling periods of 
about three to five hours length and one 14 hour overnight period were completed. 
A second campaign took place on June 13-20, 2008 on a dairy located in the 
central part of the San Joaquin Valley of California.  During this campaign, 13 twelve-
hour sampling periods were conducted with sample periods running roughly from 
midnight to noon or noon to midnight.  The dairy contained a total of 1800 cattle housed 
in a number of pens, separated by age and role.  The distribution of cattle was: 950 
lactating cows, 100 dry cows, 800 heifers evenly distributed between the age of two years 
and 1 day, and 30 bulls.  The waste produced by the cattle was flushed into an 
approximately 1500 m2 solid separator.  Water seeping out of the solids then drained into 
a 5800 m2 wastewater lagoon.  Emissions from the overall dairy facility were quantified 
using two FTIR systems, one operated by an ARS employee to take upwind 
measurements on the northwest side of the facility, and the SDL instrument taking 
measurements over six different pathlengths on the downwind (south) side of the dairy.  
In addition, 23 passive samplers were set out around and throughout the dairy facility.  A 
sampling layout for the California facility is shown in Figure 19.  
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Figure 18.  Idaho dairy sampling layout. 
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Figure 19.  California dairy sampling set up.  
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RESULTS AND DISCUSSION 
 
 
Idaho Dairy 
 
 
 Meteorological conditions during the field campaign in south-central, Idaho, 
were, in general, cool and windy.  The temperature during the ten sampling periods 
ranged from 3.6 to 17.7 °C, with an average of 11.1 ˚C.  An average wind speed of 4.8 
m/s was observed, with a range of 0.4 to 11.7 m/s.  Furthermore, while a full range of 
wind directions were recorded during the campaign, the predominant wind direction was 
from the northwest not the historical east/west wind pattern as expected.  In addition, 
while some periods of unstable atmospheric conditions were observed during the 
sampling periods, for the most part, the atmosphere was classified as neutral or stable 
(Pasquill-Gifford stability classes D or E) for most of the sample collection time.  
Although sampling was avoided during precipitation events, rainfall was recorded several 
times throughout the overall campaign time period. 
 
Ammonia measurements 
Concentrations measured by the various techniques were compared in order to 
determine the precision between the different methods.  However, to preface the results 
of this campaign, it should be noted that all the data collected with the DOAS system 
located on the east, or presumed downwind side, of the wastewater lagoon during the 
campaign dates were corrupted and not available for ultimate analysis.  Similarly, 
instrumental problems with the SDL FTIR spectrometer led to only two periods (Oct 5-6 
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overnight and Oct 6 AM) of usable data collected by this system being available for 
comparison. 
 In order to make comparisons of those concentrations measured by the passive 
samplers and the other various measurement techniques, the averages of those samplers 
located in similar locations or along the sampling pathlengths were calculated.  Figure 20 
contains a comparison of the annular denuder and the two passive samplers collocated at 
the denuder station.  The NH3 concentrations measured, between 400 – 4000 ppb were 
comparable to those found in other studies (50-11000 ppb) where concentrations adjacent 
to dairy lagoons were measured (Mount et al., 2002; Rumburg, 2006). 
 
 
 
Figure 20.  Comparison of the NH3 concentrations measured by the denuder and 
collocated passive samplers located by the Idaho dairy wastewater lagoon.  
Denuder error bars represent an assumed uncertainty of 10% (URG, 2000).  
Passive sampler error bars represent the variation in the duplicate 
measurements. 
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 As shown in Figure 20, concentrations were found to be similar when measured 
by both the denuder and passive sampler techniques on all but three sampling periods.  It 
should be noted, that the protective weather caps associated with the passive samplers 
were not used during the first five sampling periods as it was assumed the caps were only 
needed if precipitation was expected.   The caps were, however, in place for all sampling 
periods starting with the October 4 AM run.  It should also be noted that those sampling 
periods where large discrepancies exist (October 1, October 3 AM, and October 3 PM) 
were also periods where strong winds were observed (6.3-6.7 m/s).  It is assumed that the 
winds, in combination with the protective weather cap being absent, contributed to 
diffusion forcing, resulting in artificially high passive sampler measured concentrations.  
Differences in the measured concentrations were observed during two other sampling 
periods, October 5 – 6 overnight, and October 6 AM.  These data also lend support to the 
speculation that diffusion enhancement may take place during high wind events, even 
with the protective caps in place, as wind speeds of 5.6-10.6 m/s were observed during 
these sampling periods.  It should be noted, however, that although it seems likely that 
diffusion enhancement took place during these last two sampling periods even with the 
caps in place, the magnitude of the excess NH3 collection was much less than when the 
caps were absent.   
Ammonia concentrations found using the two FTIR systems and the average 
concentration measured by the passive samplers located along the FTIR 179 m sampling 
pathlength (Path 1, Path 2, Path 3, Path 4, Path 5, Path 6, Path 7, Path 8, and Path 9) were 
compared.  It should again be stated, that data from the SDL FTIR were only available 
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from the October 5-6 overnight and the October 6 AM sampling periods.  This 
comparison is shown in Figure 21. 
The comparison of the FTIR and passive sampler measurements yielded similar 
results, as did the comparison between the denuder and passive samplers.  As seen in 
Figure 21, during the October 1, October 3 AM, and October 3 PM sampling periods 
there is a large difference between the NH3 concentrations measured by the two 
techniques.  As stated previously, this is assumed to be due to high winds causing 
excessive diffusion of NH3 when the passive sampler caps were not in place.  Again, this 
phenomena was observed to a lesser degree during the overnight sampling run and the 
final, October 6 AM period when the caps were in place but high winds were observed. 
 
 
Figure 21. SDL and U of I FTIR and average FTIR pathlength passive sampler NH3 
measurement comparison.  Error bars represent the 95% confidence interval 
for the passive samplers and the FTIR signal-to-noise ratio. 
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Although limited data were available to make a comparison between the two 
different FTIR spectrometers, comparisons had been made at other times.  In other 
studies conducted by SDL personnel, one where NH3 measurements were taken in wind 
tunnel enclosures and NH3 emissions originated from household cleaner, and another 
taking place at a large poultry facility, the two instruments were found to agree within 10-
20% (Going et al., 2008).  In this study, the instruments were found to have agreement of 
8 and 31 percent for the October 5-6 and October 6 AM sampling periods, respectively.    
A comparison of the west bank DOAS and the passive samplers is shown in 
Figure 22.  In this case, only one passive sampler, R5, as shown in Figure 18, was located 
along the DOAS sampling path (approximately 230 m in length) and thus it offered the 
only passive sampler comparison measurement.  In addition, limited DOAS data were 
available for comparison as only those data obtained when the wind was blowing 
between 45 and 135 degrees (NE to SE) were made available.  Thus, data were not 
available for all of the sampling periods, and in some periods when data were available, 
averages were made from very few points. 
In comparing the passive sampler and DOAS measurements, concentrations 
measured during all sampling periods in which data were available for comparison were 
all found to be statistically different based on the standard error for the DOAS 
measurements and the assumed instrument error (10%) for the passive samplers.  This is 
likely due to a number of reasons.  One source of error is likely to be, as previously 
discussed in the other comparisons, diffusion forcing when the passive sampler weather 
caps were absent.  This could explain the large NH3 concentration discrepancy observed 
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for the October 2 AM sampling period.  Differences could have also originated due to the 
limited DOAS data used to obtain sample period averages and from comparing only one 
passive sampler, a single point measurement device, to a path integrated system (DOAS). 
Further comparisons of the passive samplers to both the FTIR and denuder 
systems were made by creating a scatter plot to plot their concentration measurements 
against each other.  Figures 23 and 24 show a plot of the passive sampler versus the 
denuder and the FTIR, respectively.  Note that the only sampling periods included in the 
plots are those when the weather caps were in place. 
 
 
 
Figure 22.  Comparison of NH3 concentrations measured by the lagoon west bank DOAS 
and R5 passive sampler.  Error bars represent the DOAS standard error and a 
passive sampler assumed uncertainty of 10% (Roadman et al., 2003). 
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Figure 23.  Correlation comparison of the denuder and passive sampler measured NH3 
concentrations for the last five Idaho sampling periods.  The red line indicates 
a one to one line with an intercept of zero. 
 
 
 
Figure 24.  Correlation comparison of the FTIR and passive sampler measured NH3 
concentrations for the last five Idaho sampling periods.  The red line indicates 
a one to one line with an intercept of zero. 
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In both cases, correlation was evaluated using least squares analysis.  The R2 
correlation coefficients in the two cases were 0.751 (passive sampler vs. denuder) and 
0.210 (passive samplers vs. FTIR).  The fitted linear equation should also be noted.  With 
the passive sampler concentrations plotted on the x-axis, it can be seen in both cases that 
the data lays beneath the one-to-one line.  This indicates that the passive samplers tend to 
yield somewhat higher NH3 concentrations relative to both the denuder and FTIR 
systems.  The higher amount of NH3 collected by the passive samplers relative to that 
collected by the denuder system may be due to the comparison of a diffusion based 
sampling system to an active, vacuum induced sampling system.  It is possible that the 
denuder with forced flow was able to sample a more consistent volume of NH3 
containing air.  The tendency of the passive sampler measured NH3 concentration to be 
higher than that of the FTIR, is, once again, a difference likely due to comparison of a 
single point and a path integrated measurement system.  Furthermore, it has been 
demonstrated that during high wind events diffusion forcing is possible even when the 
weather caps are in place, covering the passive samplers.  This may also explain why the 
passive samplers would indicate higher concentrations relative to the FTIR system, which 
does not require actual collection of sample air to make measurements.      
 
Modeling and emission rates 
Ammonia concentrations measured by the passive samplers, the denuder system, 
and the U of I FTIR system were used in conjunction with both ISCST3 and AERMOD 
to determine NH3 emission rates from the dairy lagoon.  Concentrations were modeled 
based on a seed emission rate of 1 x 10-4 g/m2/s, obtained from the range presented by 
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Rumburg et al. (2008).  This emission rate was then iteratively adjusted in an effort to 
maximize the congruency of the modeled concentrations to those measured via the 
different measurement techniques.  Figures 25 and 26 are examples of the ISCST3 and 
AERMOD modeled concentrations, respectively, for the October 6 AM sampling period. 
In this way, ratios of the measured to modeled concentration for each receptor 
location were obtained and averaged.  In some portions of the modeled area, very low 
concentrations were predicted (indicated by purple contour coloring) where considerably 
higher concentrations were measured.  Due to this, some very large measured-to-modeled 
ratios were obtained.  As an example, an average ratio of 949.39 ± 7659.72 was found for 
the passive samplers in conjunction with the ISCST3 model (this ratio does not include 
those data where the model predicted a concentration of zero as that yields an undefined 
ratio, and that case, the area was treated as a background site).  Arya (1998) defined the 
plume edge as 10% of the maximum modeled concentration or 2.15σ.  Using this 
definition of the plume area, those receptors with large ratios could be justifiably 
excluded and the ratios shown in Table 2 were obtained for the different measurement 
technique/model combinations. 
 
Table 2.  Idaho dairy lagoon measured-to-modeled ratios.  Error represents the standard 
deviation 
Measurement Technique ISCST3 AERMOD 
Passive Samplers 1.09 ± 0.52 1.09 ± 0.42 
Denuder 1.45 ± 0.55 1.20 ± 0.62 
FTIR 0.53 ± 0.30 0.60 ± 0.43 
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Figure 25.  Idaho dairy lagoon ISCST3 modeled NH3 concentrations for the October 6 
AM sampling period.  Purple contour coloring indicates concentrations 
between 0 and 55 µg/m3; dark orange indicates 705-784 µg/m3.  Winds were 
observed from the northwest. 
 
 
Figure 26.  Idaho dairy lagoon AERMOD modeled NH3 concentrations for the October 6 
AM sampling period.  Purple contour coloring indicates concentrations 
between 0 and 84 µg/m3; dark orange indicates 755-845 µg/m3.  Winds were 
observed from the northwest. 
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These ratios were further used to calculate emission values according to Equation 
16.  In addition, and as previously discussed, emission rates were also determined by a 
combination of the available DOAS data and the WindTrax model, as well as the wind 
tunnel measurements.  Table 3 contains the daily emission rates calculated using the wind 
tunnel data, Table 4 the sample run emission rates found using data from the west bank 
DOAS, Table 5 the passive samplers, Table 6 the annular denuder system and Table 7 the 
FTIR data.  Table 8 contains a summation of these emission rates and Figure 27 shows a 
graphical representation of these data.  Measured and modeled concentrations and ratios 
of the two concentrations for the individual sampling periods at the Idaho dairy lagoon 
can be found in Tables A-1-7 in Appendix A.  It should be noted that the emission values 
for the passive samplers are based solely on the data collected during those sampling 
periods when the protective caps were in place, since the data collected during the other 
sampling periods were not considered to be reliable.  Also, the FTIR sampling pathlength 
and the denuder were predicted to be outside of the plume edge for both runs on October 
2, thus these sampling periods were not included in the average emission rate found using 
those techniques. 
A fairly large range of emission rates were obtained using the different 
measurement technique/model combinations.  Despite this, all the obtained values were 
comparable with the literature values complied and listed in Table 1.  As shown in Table 
8, the smallest NH3 emission rate obtained for the lagoon at this dairy was that acquired 
from the DOAS/WindTrax combination.  Again, this emission rate was obtained using 
limited data, thus this calculated rate may not completely summarize the entire sampling 
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campaign.  Other than that of the DOAS emission rate, fairly good agreement was found 
between the various techniques.  The wind tunnel system, although comparable, also 
yielded an emission rate outside the 95% confidence interval of that obtained using the 
denuder system.  This is likely due to the assumption used in both cases, that NH3 was 
being emitted at an equal rate over the entire surface of the lagoon and that the single 
points measured by each system was representative of the entire concentration field.  
These assumptions are considered to be reasonable; however, due to temperature and 
depth differences throughout the entire area of the lagoon, the rate of emission is likely to 
vary somewhat over the surface of the lagoon.  Emission rates found using both the 
ISCST3 and AERMOD models were statistically equivalent in the context of the 95% 
confidence interval. 
Table 3.  Wind tunnel measured NH3 emission rates from the Idaho dairy lagoon 
Date lb/day µg/m2/s 
9/25/2007 1121 60.0 
9/26/2007 794 42.5 
9/27/2007 1115 59.7 
9/28/2007 993 53.1 
9/29/2007 347 18.6 
9/30/2007 261 14.0 
10/1/2007 773 41.4 
10/2/2007 937 50.1 
10/3/2007 1208 64.6 
10/4/2007 1604 85.9 
10/5/2007 1034 55.3 
10/6/2007 1119 59.9 
Average 942.15 50.4 
SD 367.0 19.6 
95% CI 207.7 11.1 
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Table 4. Idaho dairy lagoon NH3 emission rates found using the DOAS measurement 
system and the WindTrax model 
Sampling 
period µg/m
2/s 
1-Oct 
 
Oct 2 am 8.2 
Oct 2 pm 
 
Oct 3 am 
 
Oct 3 pm 
 
Oct 4 am 28.9 
Oct 4 pm 
 
Oct 5 pm 10.5 
Oct 5-6 13.7 
Oct 6 am 
 
Average 15.3 
SD 9.3 
95% CI 9.1 
 
 
 
 
Table 5.  Idaho dairy lagoon NH3 emission rates found using passive sampler 
measurements and the ISCST3 and AERMOD models.  Only the sampling 
periods with the weather caps were in place were included 
Sampling 
Period ISCST3 AERMOD 
 µg/m
2/s lb/day µg/m2/s lb/day 
10/4 am 119.7 2237 74.1 1384 
10/4 pm 94.5 1766 208.6 3898 
10/5 pm 18.9 352 53.5 999 
10/5-10/6 92.2 1722 116.1 2169 
10/6 am 252.5 4718 248.3 4640 
Average 115.6 2159 140.1 2618 
SD 85.3 1594 84.9 1587 
95% CI 74.8 988 74.4 984 
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Table 6.  Idaho dairy lagoon NH3 emission rates found using denuder measurements and 
the ISCST3 and AERMOD models.  The model predicted concentrations 
outside of the plume edge during the 10/2 sampling periods 
Sampling 
Period ISCST3 AERMOD 
 µg/m
2/s lb/day µg/m2/s lb/day 
10/1 pm 113.7 2124 97.1 1815 
10/2 am     10/2 pm     10/3 am 208.0 3886 151.0 2821 
10/3 pm 226.1 4224 259.4 4846 
10/4 am 136.7 2554 217.0 4054 
10/4 pm 220.9 4128 218.1 4075 
10/5 pm 52.6 984 95.2 1779 
10/5-10/6 57.7 1077 94.4 1763 
10/6 am 238.3 4453 194.7 3637 
Average 156.7 2928.7 165.8 3098.9 
SD 71.7 1339.6 61.2 1143.5 
95% CI 53.1 992.4 45.3 847.1 
 
 
 
Table 7.  Idaho dairy lagoon NH3 emission rates found using FTIR measurements and the 
ISCST3 and AERMOD models.  The model predicted concentrations outside of 
the plume edge during the 10/2 sampling periods 
Sampling 
period ISCST3 AERMOD 
 µg/m
2/s lb/day µg/m2/s lb/day 
10/1 pm 54.1 1011 59.6 1114 
10/2 am     10/2 pm     10/3 am 81.0 1514 76.8 1434 
10/3 pm 82.6 1543 126.2 2358 
10/4 am 69.4 1296 133.2 2488 
10/4 pm 73.2 1368 145.5 2718 
10/5 pm 19.0 355 69.5 1299 
10/5-10/6 63.4 1185 76.6 1430 
10/6 am 110.0 2055 85.5 1598 
Average 69.1 1291 96.6 1805 
SD 24.4 457 30.9 577 
95% CI 16.9 316.51 21.4 399.68 
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Table 8.  List of dairy lagoon NH3 emission rates determined via various measurement 
techniques.  Error represents the 95% confidence interval 
Measurement 
Technique 
Emission rate  
(µg/m2/s) 
Wind Tunnel 50.4 ± 11.1 
DOAS 20.2 ± 2.1 (WindTrax) 
 
ISCST3 AERMOD 
Passive Samplers 115.6 ± 74.7  140.1 ± 74.4 
Denuder 156.7 ± 53.1 165.8 ± 45.3 
FTIR 69.1 ± 16.9 96.6 ± 21.4 
  
 
 
 
Figure 27.  Idaho dairy emission rates.  Green represents rates found using the ISCST3 
model and red represents rates found using AERMOD.  Error bars represent 
the 95% confidence interval. 
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California Dairy 
 
 
Conditions during the California dairy campaign were typical of central California 
summers.  The temperatures throughout the campaign were high, with an average 
temperature of 27.2 °C.  The average high temperature for the different sampling periods 
was 34 °C and the average low was 19 °C.  In general, the wind was observed to be 
coming from northwest with an average speed of 2.4 m/s.  The maximum observed 
windspeed was 5.7 m/s and the minimum was nearly completely calm at 0.13 m/s.  
Stability conditions followed a typical diurnal pattern with unstable conditions (Pasquill-
Gifford stability classes A, B, and C) during the daylight hours and stable conditions (D 
and E) during the night.  The sky remained clear throughout the entire study and there 
were no precipitation events.  
 
Ammonia measurements  
As previously mentioned, data were gathered with only FTIR systems and passive 
samplers during the California dairy campaign.  Prior to sampling over the entire dairy 
facility a side-by-side comparison of the SDL and ARS FTIR spectrometers took place.  
The instruments were setup in the same location where the ARS instrument was located 
for the duration of the study and allowed to collect data.  During two different sampling 
periods of an approximate two and a half hour length, good agreement was found to exist 
between the two instruments.  During these tests, average concentrations measured by the 
SDL and ARS instruments were found to be 121 ± 1.0 and 120 ± 1.6 ppb, respectively, 
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for measurements taken on June 9, and 35 ± 0.3 and 46 ± 5.8 ppb, respectively, for 
measurements on June 10. 
Nominal downwind samples were collected with the SDL FTIR instrument over 
six different pathlengths in what was referred to as a “bowtie” pattern with two near-
ground samplers spread out both to the east and west, and an additional sampler (east and 
west) at the farthest point and elevated approximately 10 m above ground level.  The 
concentrations measured by passive samplers located along or close to these pathlengths 
were averaged for comparison.  As can be derived from Figure 19, each pathlength, its 
length, and the associated passive sampler locations were as follows: Position 1 (Tower 6 
retroreflector), 145 m, included passive samplers AQT low and Tower 6.  Position 2 
(West Tower low retroreflector), 292 m,  included passive samplers AQT low, Tower 6, 
Dusty, and West Tower low.  Position 3 (West Tower high retroreflector), 295 m, was 
not compared with passive samplers due to the elevated nature of the sampling pathway 
and that only three passive sampler locations were elevated above the typical two meter 
deployment height.  Position 4 (Tower 7 retroreflector), 133 m, included passive 
samplers Smelly and Tower 7.  Position 5 (East Tower low retroreflector), 274 m, 
included passive samplers Smelly, Tower 7, Junky, and East Tower low.  Position 6 (East 
Tower high retroreflector), 277 m, was not compared to the passive sampler 
measurements.  Figures 28, 29, 30, and 31 show comparisons between the FTIR and 
passive sampler measurements taken for Positions 1, 2, 4, and 5, respectively. 
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Figure 28.  Comparison of NH3 concentrations measured by the FTIR and passive 
samplers (two samplers) for Position 1.  Error bars represent the FTIR signal-
to-noise ratio and the passive sampler variation about the mean. 
 
 
 
Figure 29.  Comparison of NH3 concentration measurements by the FTIR and passive 
samplers (four samplers) for Position 2.  Error bars represent the FTIR signal-
to-noise ratio and the passive sampler variation about the mean. 
 
0
100
200
300
400
500
600
700
800
900
1000
N
H
3
C
on
ce
nt
ra
tio
n,
 p
pb
Passive samplers
FTIR
0
100
200
300
400
500
600
700
800
900
1000
N
H
3
C
on
ce
nt
ra
tio
n,
 p
pb
Passive samplers
FTIR
61 
 
 
Figure 30.  Comparison of NH3 concentration measurements by the FTIR and passive 
samplers (two samplers) for Position 4.  Error bars represent the FTIR signal-
to-noise ratio and the passive sampler variation about the mean. 
 
 
 
Figure 31.  Comparison of NH3 concentrations measured by the FTIR and passive 
samplers (four samplers) for Position 5.  Error bars represent the FTIR signal-
to-noise ratio and the passive sampler variation about the mean. 
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 Comparing Figures 27 and 28 versus Figures 29 and 30, it can be seen that the 
concentrations measured by the passive samplers and the FTIR were in closer correlation 
for the west facing pathlengths, and, for nearly all the sampling periods, measurements at 
Positions 1 and 2 were statistically equivalent considering the variation in the passive 
sampler measurements.  This was not the case with the eastward paths as the 
concentrations measured for Positions 4 and 5 were rarely equivalent.  This is likely due 
to the different NH3 sources existing in close proximity to the sampling paths and perhaps 
the limited effectiveness of a small number of passive, point samplers to replicate an 
integrated pathlength when immediately adjacent to a source.  The eastward sampling 
paths were in close proximity to the solid separator, the main lagoon, and several corrals 
(see Figure 19).  In contrast, the west-facing sampling paths were through mostly cleared 
and unutilized ground and were further downwind from holding pens.  It is assumed that 
due to this, the NH3 contained in the sample air was more equally distributed and 
dissipated along the westward paths, as is also evident by the westward concentrations 
being mostly under 300 ppb, where as those measured to the east were almost all between 
400-700 ppb.  Despite the differences in the measured concentration values, similar data 
trends were observed for both the FTIR and passive sampler data. 
The measured upwind NH3 concentrations are shown in Figure 32, a plot of the 
concentration measured by the ARS FTIR (with a pathlength of 249 m) and an average 
concentration measured by passive samplers Dick’s, Guy Wire, and Field (refer to Figure 
19).  These measurements were regarded as background concentrations and used as such 
in calculating the emission rates.  The concentrations measured by the ARS FTIR and the 
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passives samplers located approximately along the pathlength of this FTIR were found to 
be somewhat dissimilar.  This was not expected due to the relative homogeneity of the 
surroundings in this area and no suspected nearby sources of ambient NH3.  However, 
once again this may likely be attributed to the difference between point and path 
integrated sampling techniques.   
The measured upwind concentrations were found to be between 40 and 120 ppb.  
These concentrations are a bit high in comparison to the typical NH3 mixing ratio, 
however considering the strong agricultural presence in area of central California where 
this study took place, slightly elevated background concentrations were expected.  It can 
be seen that the upwind values were around 14-35% of the measured downwind (SDL 
instrument measured) values (Figures 28-31). 
 
 
 
Figure 32.  Comparison of NH3 concentrations measured by the ARS FTIR and upwind 
passive samplers.  Error bars represent the FTIR signal-to-noise ratio and the 
passive sampler variation about the mean. 
0
20
40
60
80
100
120
140
160
N
H
3
co
nc
en
tr
at
io
n,
 p
pb
Passive samplers
ARS FTIR
64 
 
A limited comparison of the NH3 concentration at 2 m and 10 m took place.  This 
was accomplished by comparing FTIR measurements between the high and low 
retroreflectors at the West and East Tower locations, as well as passive sampler 
measurements at the same locations, in addition to 2 and 10 meter samplers at the AQT 
location.  The average ratio of 2 m-to-10 m concentrations were: 1.48 for Position 2 to 
Position 3 (West Tower, FTIR), 1.39 for Position 5 to Position 6 (East Tower, FTIR), and 
with regards to the passive sampler measurements, 1.01 at the West Tower, 1.20 at the 
East Tower, and 1.38 at the AQT Tower.  In regards to the samples collected by the 
passive samplers at the different heights, it was found that at the West Tower location the 
10 m and 2 m measurements were nearly the same, and that the 2 m concentrations were 
20-38% greater than that measured at 10 m at the other two (East Tower and AQT) 
locations.  As was previously speculated, this east/west variation was likely due to the 
proximity of the sampling location to the source of the NH3 emissions.  The West Tower 
was located at greater distance from the emission sources and, therefore, the NH3 was 
likely more dispersed at this location and less of a vertical gradient was observed.  This 
was not the case observed with the FTIR measurements at the high and low 
retroreflectors.  However, again it should be noted that the FTIR measurements are path 
integrated and, therefore, the greater 2 m concentrations may exist anywhere along the 
pathlength.    
Correlations of the measurements made by the FTIR and passive samplers along 
the four ground level FTIR pathlengths were explored.  This was accomplished by 
plotting those concentrations measured by each system against each other.  These plots 
65 
 
are shown in the following figures; Figures 33, 34, 35, and 36 show plots of Positions 1, 
2, 4, and 5, respectively. 
 
 
Figure 33.  Correlation comparison of the FTIR and passive sampler measured 
concentrations for Position 1.  The red line indicates a one to one line with 
intercept of zero. 
 
 
 
Figure 34.  Correlation comparison of the FTIR and passive sampler measured 
concentrations for Position 2.  The red line indicates a one-to-one line with an 
intercept of zero. 
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Figure 35.  Correlation comparison of the FTIR and passive sampler measured 
concentrations for Position 4.  The red line indicates a one-to-one line with an 
intercept of zero. 
 
 
 
 
Figure 36.  Correlation comparison of the FTIR and passive sampler measured 
concentrations for Position 5.  The red line indicates a one-to-one line with an 
intercept of zero. 
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The correlation coefficient (R2) values seem to indicate correlation between the 
concentrations measured by the two techniques in all cases, although in the case of the 
West Tower reflector, or Position 2, the correlation appears to be quite weak (R2 = 
0.300).  This is in contrast to the other positions where the R2 exceeds 0.5 in all cases (R2 
= 0.515 for Position 1, 0.870 for Position 4, and 0.689 for Position 5).  It should also be 
noted that in all cases a similar trend to that seen with the data from the Idaho dairy was 
observed, where the passive samplers tended to indicate higher NH3 concentrations than 
the FTIR spectrometer did.  Once again, this may likely be explained due to the 
difference between the point and path integrated measurement techniques.  This 
difference is also demonstrated by observing how in both directions for the longer 
sampling pathlengths the R2 value decreases and a greater deviation from a slope of one 
is observed (Figures 33 and 35). 
 
Modeling and emission rates 
The technique of inverse modeling was applied and the ISCST3 and AERMOD 
models in combination with the measurements from both the passive samplers, and the 
SDL FTIR spectrometer to determine emission rate values for the wastewater lagoon and 
solid separator as well as the housing pens to ultimately determine a dairy facility 
emission rate based on a per animal unit (AU) basis.  A comparison of the plume 
propagation patterns predicted by the two models can be seen in Figures 37 and 38, 
which contain modeled contours of the June 17 AM sampling period. 
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Figure 37.  ISCST3 modeled NH3 contours for the California Dairy June 17 AM 
sampling period.  Purple contour coloring indicates concentrations between 0 
and 413 µg/m3; dark orange indicates 2210-3724 µg/m3.  Winds were 
observed from the northwest. 
 
 
Figure 38.  AERMOD modeled NH3 contours for the California Dairy June 17 AM 
sampling period.  Purple contour coloring indicates concentrations between 0 
and 227 µg/m3; dark orange indicates 7278-8278 µg/m3.  Winds were 
observed from the northwest. 
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As shown, both models (Figures 37 and 38) showed similar dispersion patterns 
for the main source (solid separator/lagoon) areas.  In addition, the emission values found 
by the ISCST3 model were comparable with those derived using AERMOD.   Also, it 
should be noted that due to the combined nature of the modeled plume, in some cases it 
was difficult to isolate which source was the most significant contributor to the NH3 
concentration observed at each particular receptor.   
Two different approaches were used with the AERMOD model in modeling the 
data from this dairy.  Originally (1), obtaining good measured-to-modeled NH3 
concentration ratios was the goal.  This was accomplished by starting with a reference 
emission value, 1 x 10-4 g/m2/s for the lagoon and solid separator (Rumburg, 2008), and 
0.0011 g/s/animal for the housing areas (Moore, 2007) and iteratively adjusting the seed 
emission rates for the different sources until an optimum was found where the majority of 
the ratios approximately equaled one.  In the context of the combined plume being 
modeled for the dairy facility, with some of the individual sources, such as the liquid 
lagoon and the solid separator, being estimated to emit NH3 at a higher rate, the plume 
edge definition was, for the most part, discarded.  Rather, emission rates calculated at 
individual receptor locations were included in the average emission rate as long as the 
measured-to-modeled concentration ratio did not deviate from one by more than one 
order of magnitude, and the ability to determine the dominant area source contributing to 
the NH3 being measured at a particular receptor.  This way, the average ratios obtained 
for the ISCST3 and AERMOD models were 2.68 ± 1.72 and 1.91 ± 1.32, respectively.  
Using this approach, combined dairy facility emission rates were determined to be 86.5 ± 
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27.1 g/d/AU using the passive samplers and 63.1 ± 22.4 using the FTIR in combination 
with the ISCST3 model and using the AERMOD model, 84.5 ± 45.9 g/d/AU for the 
passive samplers and 107.3 ± 48.6 for the FTIR (shown in Table 14). 
 Another approach was also utilized in conjunction with the ISCST3 and 
AERMOD models (2), in which the plume edge definition of 10% of the maximum 
modeled concentration was observed.  Once again, an iterative process was employed in 
an attempt to maximize the number of receptors where the modeled concentration was 
considered to be within the plume.  In this way, the measured to modeled concentration 
ratios for those receptors within the plume were found to be 6.84 ± 4.48 and 6.57 ± 5.97 
for the ISCST3 and AERMOD models respectively.  Furthermore, new dairy facility 
emission rates were calculated and found to be 103.0 ± 38.4 g/d/AU (ISCST3) and 92.0 ± 
65.2 g/d/AU (AERMOD) found using the passive sampler measurements and 80.5 ± 32.9 
g/d/AU (ISCST3) and 155.7 ± 44.7 g/d/AU (AERMOD) found with the FTIR.  Examples 
of modeled contours for each approach can be seen in Figures 39 and 40. 
Emission rates derived for each sampling period for the different measurement 
technique/model combination are found in Tables 9, 10, 11, 12, 13, 14, 15 and 16.  
Furthermore, the measured and modeled concentrations are found in Appendix B.  Tables 
17 and 18 contain a summary of the emission rates calculated for the different area 
sources as well as an overall dairy emission rate.  These emission rates are also 
represented graphically in Figures 41, 42, 43, and 44.  As previously stated, the emission 
rate calculations for the overall dairy facility were based on an animal unit basis.  An 
animal unit is considered to be 500 kg of live weight of livestock (Moore, 2007) and the 
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headcount to AU conversion was determined based on animal weights supplied by the 
dairy operator.  Lactating and dry cows were assumed to weigh 1650 lbs, and heifers 
were assumed to weigh 90 lbs at one day old, increasing to 1250 lbs at two years. 
The emission rates found from this dairy were found to be comparable to those 
literature values listed previously in Table 1 for both the lagoon emission rate and the 
overall dairy facility emission rate.  The overall emission rate was based on an estimated 
average weight of the cattle on the dairy.  This weight was found by making a weighted 
average based on number of cattle in each age group and their weight.  It can therefore be 
assumed that for a dairy facility such as this one, an average of 84.5 to 107.3 g/d/AU of 
NH3 is emitted.  This estimate includes those emissions from housing as well as waste 
storage in the solid separator and liquid lagoon. 
 
 
Figure 39.  AERMOD produced NH3 contours for the California dairy June 14 AM 
sampling period focusing on good measured to modeled ratios (1).  Purple 
contour coloring indicates concentrations between 0 and 823 µg/m3; dark 
orange indicates 7423-8254 µg/m3.  Winds were observed from all directions 
during the sampling period with northwest and southwest winds dominating. 
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Figure 40.  AERMOD produced NH3 contours for the California dairy June 14 AM 
sampling period focusing on plume edge definition (2).  Purple contour 
coloring indicates concentrations between 0 and 182 µg/m3; dark orange 
indicates 1912-1702 µg/m3.  Winds were observed mainly from the northwest 
and southwest. 
 
 
Table 9.  California dairy NH3 emission rates found using passive sampler measurements 
and the ISCST3 model; disregarding plume edge (1) 
Sample Period Lagoon Solid Separator East Pens West Pens 
 µg/m
2/s µg/m2/s g/d/AU g/d/AU 
June 13 pm 109.3 41.0 22.9 4.6 
June 14 am 66.5 79.6 16.7  June 14 pm 70.9 23.7 21.9 15.9 
June 15 am 57.3 17.4 8.4  June 15 pm 64.7 123.6 20.4 33.0 
June 16 am 41.7 13.6 8.6 14.7 
June 16 pm 82.3 124.8 21.7 18.5 
June 17 am 144.2 13.1 9.8 5.6 
June 17 pm 126.3 81.7 25.1  June 18 am 51.3 26.6 8.2 6.9 
June 18 pm 94.3 117.0 15.6 19.4 
June 20 pm 62.3 127.9 26.0 18.3 
Average: 80.9 65.8 17.1 15.2 
SD: 31.54 48.16 6.83 8.86 
95% CI 17.85 47.19 7.72 5.79 
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Table 10.  California dairy NH3 emission rates found using passive sampler 
measurements and the AERMOD model; disregarding plume edge (1) 
Sampling 
Period Lagoon 
Solid 
Separator 
East 
Pens 
West 
Pens NW Pen 
 µg/m
2/s µg/m2/s g/d/AU g/d/AU g/d/AU 
June 13 pm 112.7  34.2   June 14 am 18.4 18.9 18.7 81.4  June 14 pm 266.8  44.5   June 15 am 16.7 15.4 8.1 19.9  June 15 pm   67.7   June 16 am 35.1 31.6 10.9   June 16 pm  37.0 82.7 157.7  June 17 am 52.6 5.3 7.2 17.7  June 17 pm  35.7 102.4   June 18 am   10.3 48.4  June 18 pm  40.8 21.3   June 20 pm 146.6 27.7  79.9 83.9 
Average 92.7 26.5 37.1 67.5 83.9 
SD 91.1 12.3 33.2 52.15  95% CI 67.5 8.5 19.6 41.7   
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Table 11. California dairy NH3 emission rates found using FTIR measurements and the 
ISCST3 model; disregarding plume edge (1) 
Sample Period Lagoon Solid Separator East Pens 
West 
Pens 
 µg/m
2/s µg/m2/s g/d/AU g/d/AU 
June 13 pm 82.5 35.5   June 14 am 41.2 22.8 19.37  June 14 pm 84.6 31.3  63.85 June 15 am 16.2 14.0   June 15 pm 65.9 32.1   June 16 am 31.0 13.3 14.73 36.07 
June 16 pm 88.9 30.2  54.11 June 17 am 34.0    June 17 pm 46.0 76.2  98.09 June 18 am 60.1 20.9 12.49  June 18 pm  57.6 26.70 125.19 June 20 pm 58.1 28.4  39.22 
Average: 55.3 32.9 18.3 69.4 
SD: 23.94 18.73 6.28 35.28 
95% CI 17.74 11.07 6.15 26.13 
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Table 12.  California dairy NH3 emission rates found using FTIR measurements and the 
AERMOD model; disregarding plume edge (1) 
Sampling 
Period Lagoon 
Solid 
Separator East Pens West Pens 
 µg/m
2/s µg/m2/s g/d/AU g/d/AU 
June 13 pm  24.9   June 14 am 41.5 13.4 10.7  June 14 pm 118.4 30.0  115.5 June 15 am 31.0 10.7   June 15 pm 125.6 33.5  53.2 June 16 am  17.0  289.5 June 16 pm  30.3 49.2 81.0 June 17 am 83.6    June 17 pm  37.2 50.6 92.3 June 18 am 142.4 11.9   June 18 pm  38.3 19.1 195.1 June 20 pm 63.9 30.1  107.9 
Average 86.6 25.2 32.4 133.5 
SD 43.39 10.25 20.49 81.66 
95% CI 32.15 6.06 20.08 60.49 
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Table 13. California dairy NH3 emission rates found using passive sampler measurements 
and the ISCST3 model; with plume edge (2) 
Sampling 
Period Lagoon 
Solid 
Separator 
East 
Pens 
NW 
Pen SW Pen 
 µg/m
2/s µg/m2/s g/d/AU g/d/AU g/d/AU 
June 13 pm 75.6 29.2 57.1   June 14 am 26.7 11.8 43.7   June 14 pm 35.0 17.9 83.4  153.0 June 15 am 56.2 13.9 23.9   June 15 pm 48.9 35.5 57.9  188.1 June 16 am 44.1 12.3 19.0  61.6 June 16 pm 62.4 50.5 50.4   June 17 am 126.5 11.6 29.9   June 17 pm  27.3 79.5  190.4 June 18 am 60.2 21.6 41.1   June 18 pm  41.2 53.7   June 20 pm 78.4 15.7 56.0 84.5 60.9 
Average: 61.4 24.0 49.6 84.5 130.8 
SD: 28.12 12.88 19.79  65.17 95% CI 17.43 7.29 11.20  57.13  
 
 
 
 
 
 
 
 
 
 
77 
 
Table 14.  California dairy NH3 emission rates found using passive sampler 
measurements and the AERMOD model; with plume edge (2) 
Sampling 
Period Lagoon 
Solid 
Separator East Pens SW Pen NW Pen 
 µg/m
2/s µg/m2/s g/d/AU g/d/AU g/d/AU 
June 13 pm 116.0  60.7   June 14 am 13.7 13.4 20.3   
June 14 pm 67.8  61.7   
June 15 am 18.7 5.5 10.4   June 15 pm   67.9   June 16 am 22.7 14.7 9.8   June 16 pm  37.6 95.1 198.2  June 17 am  6.0 11.9 36.5  June 17 pm  36.7 96.6   June 18 am   13.3   June 18 pm  37.4 34.0   June 20 pm 71.8 26.9   77.4 
Average 51.8 22.3 43.8 117.4 77.4 
SD 40.42 14.01 33.86 84.11  95% CI 32.34 9.71 20.01 95.18   
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Table 15. California dairy NH3 emission rates found using FTIR measurements and the 
ISCST3 model; with plume edge (2) 
Sampling 
Period Lagoon 
Solid 
Separator 
East 
Pens 
West 
Pens 
 µg/m
2/s µg/m2/s g/d/AU g/d/AU 
June 13 pm 70.4 21.2   June 14 am 16.6 0.0 33.64  June 14 pm  181.7  110.51 June 15 am 12.8 8.5   June 15 pm 58.0 23.1   June 16 am 31.5 11.4 18.62 36.26 
June 16 pm 54.9 22.3  85.25 June 17 am 30.3    June 17 pm 42.8 53.1  126.38 June 18 am 29.1 16.4 35.21  June 18 pm  28.1 56.11 140.26 June 20 pm  22.9  59.09 
Average: 38.5 35.3 35.9 93.0 
SD: 19.44 50.37 15.41 40.21 
95% CI 12.70 29.77 15.10 32.17 
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Table 16.  California dairy NH3 emission rates found using FTIR measurements and the 
AERMOD model; with plume edge (2) 
Sampling 
Period Lagoon 
Solid 
Separator 
East 
Pens 
West 
Pens 
 µg/m
2/s µg/m2/s g/d/AU g/d/AU 
June 13 pm  30.2   June 14 am 31.9 10.3 14.1  June 14 pm 74.8 33.0  222.3 June 15 am 30.3 7.0   June 15 pm 67.2 34.6  143.1 June 16 am  11.2  282.2 June 16 pm  29.3 74.6 115.4 June 17 am 58.5    June 17 pm  38.7 86.9 235.7 June 18 am 62.9 11.2   June 18 pm  32.5 71.4 292.8 June 20 pm 47.5 27.9  219.6 
Average 53.3 24.2 61.7 215.9 
SD 17.30 11.68 32.44 66.05 
95% CI 12.81 6.90 31.79 48.93 
 
 
Table 17. NH3 emission rates determined for the California dairy with modeling with 
ratios close to one as the goal (1).  Error represents the 95% confidence interval 
 
Passive Samplers  FTIR 
ISCST3 
(µg/m2/s) 
AERMOD 
(µg/m2/s) 
ISCST3 
(µg/m2/s) 
AERMOD 
(µg/m2/s) 
Lagoon 80.9 ± 17.9 92.7 ± 67.5 55.3 ± 17.7 86.6 ± 32.2 
Solid 
Separator 65.8 ± 47.2 26.5 ± 8.5 32.9 ± 11.1 25.2 ± 6.1 
   
  g/d/AU g/d/AU g/d/AU g/d/AU 
Adult Cattle 64.7 ± 26.0 62.8 ± 30.7 43.9 ± 20.8 82.9 ± 40.3 
Dairy 
Facility 86.0 ± 27.1 84.5 ± 45.9 63.1 ±  22.4 107.3 ± 48.6 
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Table 18. NH3 emission rates determined for the California dairy with consideration 
given to the plume edge (2).  Error represents the 95% confidence interval 
 
Passive Samplers 
 
FTIR 
 
ISCST3 
(µg/m2/s) 
AERMOD 
(µg/m2/s) 
ISCST3 
(µg/m2/s) 
AERMOD 
(µg/m2/s) 
Lagoon 61.4 ± 17.4 51.8 ± 32.3 38.5 ± 12.7 53.3 ± 12.8 
Solid Separator 24.0 ± 7.3 22.3 ± 9.7 35.3 ± 29.8 24.2 ± 6.9 
     g/d/AU g/d/AU g/d/AU g/d/AU 
Adult Cattle 88.3 ± 34.2 79.5 ± 57.6 64.4 ± 23.6 138.8 ± 40.4 
Dairy Facility 103.0 ± 38.4 92.0 ± 65.2 80.5 ± 32.9 155.7 ± 44.7 
 
 
 
Figure 41.  California dairy lagoon emission rates.  Error bars represent the 95% 
confidence interval. 
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Figure 42.  California dairy solid separator emission rates.  Error bars represent the 95 % 
confidence interval. 
 
 
 
Figure 43. California dairy cattle emission rates.  Error bars represent the 95% confidence 
interval. 
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Figure 44. California dairy facility emission rates.  Error bars represent the 95% 
confidence interval. 
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CONCLUSION 
 
 
 This study was conducted to make comparisons between various NH3 
measurement techniques.  Data were collected during two field campaigns taking place 
on dairies located in south-central Idaho (October 2007) and the central San Joaquin 
Valley, California (June 2008).  Five different measurement techniques including: 
passive diffusion samplers, an annular denuder, a wind tunnel enclosure in conjunction 
with a chemiluminescence monitor, FTIR spectroscopy, and DOAS were investigated.  
The measurements yielded by these different techniques were compiled to make raw 
concentration comparisons and then were further manipulated using modeling software to 
obtain emission rate estimates for the different area sources contained within the dairy 
facility, as well as an estimate of the overall dairy emission rate.   
 During the course of this study, the imperative nature of using the protective caps 
in conjunction with the passive samplers was discovered.  It was found that high winds 
could lead to diffusive forcing of NH3 onto the sampling pads.  This phenomena was 
particularly prominent when the protective weather caps were absent during sampling, 
especially when significant wind events were observed (≥ 5 m/s).   
 Throughout the different sampling periods when precautions were taken to assure 
quality sampling technique the different sampling methods yielded similar results, often 
giving results that were statistically equivalent in the context of the 95% confidence 
interval.  In most cases where discrepancies existed, it was when a point measurement 
technique or series of point samplers were being compared to a path integrated technique.  
The difference was most notable when comparing sampling pathlengths that passed by 
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heterogeneous sources, such as the case with the east-facing pathlengths at the California 
dairy.  In the case of the Idaho dairy lagoon when the passive samplers were compared to 
the FTIR, they were sampling adjacent to a fairy homogeneous source, and care was 
taken and sufficient samplers were available to insure that an adequate number of passive 
samplers were in place so that the average concentration could be effectively compared to 
the path measurement of the FTIR system.  In this case, the measurement techniques 
were found in most instances to yield statistically equivalent concentrations in the context 
of the 95% confidence intervals. 
 Emission rate values were calculated by various methods.  Data obtained 
using the wind tunnel during the Idaho campaign were used to directly calculate a lagoon 
NH3 emission rate based on concentration, wind tunnel open area, and the rate of air 
flow.  The DOAS measured concentrations were used in conjunction with a backwards 
Lagrangian model, WindTrax, to obtain an emission rate.  Further inverse modeling was 
employed with those concentrations measured by the passive samplers, denuder, and 
FTIR spectrometers in combination with the EPA ISCST3 and AERMOD models.  This 
inverse modeling technique was used to obtain emission rates from an isolated dairy 
lagoon in Idaho and various area sources at the California dairy, and ultimately an overall 
dairy emission rate for the California dairy.  The emission rates obtained for each 
location using the different measurement techniques were found to be statistically 
equivalent in the context of the 95% confidence interval (with the exception of the DOAS 
in comparison to the FTIR, passive sampler, and denuder systems at the Idaho dairy 
lagoon).  In addition, the emission rates found at the two dairies, Idaho and California are 
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in many cases also equivalent considering the 95% confidence interval, and in all cases 
quite similar despite the differences in temperature (the average sample period 
temperatures were 11.1 °C at the Idaho dairy and 27.2 °C at the California dairy) and 
wind speed (the average wind speed at the Idaho dairy was 4.8 m/s and at the California 
dairy it was 2.4 m/s) observed at the two locations.  Furthermore, these emission rates 
were compared to those found in various literature sources in which a broad range of 
emission values had been reported.  The values obtained in this study were found to be 
within the range reported in the literature.  A comparison of the lagoon and overall dairy 
facility emission rates found in this study and in some literature sources are contained in 
Table 19 and Table 20, respectively.  
The emission rates reported in Tables 19 and 20 for the California dairy are those 
found using both modeling approaches described earlier, where first, ratios that deviated 
from one by less than an order of magnitude were used and then secondly plume edge 
was considered.  Statistically equivalent values (in the context of the 95% confidence 
interval) were obtained using both approaches.  However, due to the combined nature of 
the plume studied at the California dairy by using the approach of assigning an arbitrary 
value for the ratio and iteratively adjusting the seed emission rate to obtain the maximum 
amount of receptors that satisfy that requirement is simpler and likely more representative 
of actual conditions. 
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Table 19.  Dairy lagoon emission rates from the Idaho and California dairies and 
comparison literature values. Temperatures are sample period averages 
Facility Measurement technique Emission rate (µg/m
2/s) 
Idaho Dairy Wind Tunnel  (11 °C) 50.4 ± 11.1 
Idaho Dairy DOAS (11 °C) 20.2 ± 2.1 (WindTrax) 
Idaho Dairy Passive Samplers (11 °C) 120.1 ± 52.9 (ISCST3), 135.5 ± 51.6 (AERMOD) 
Idaho Dairy Denuder (11 °C) 156.7 ± 47.5 (ISCST3), 165.8 ± 40.6 (AERMOD) 
Idaho Dairy FTIR (11 °C) 69.1 ± 16.2 (ISCST3), 96.6 ± 20.5 (AERMOD) 
California Dairy Passive Samplers (27 °C) 
60.5 ± 22.6, 61.4 ± 17.4 (ISCST3), 51.8 ± 32.3, 92.7 ± 
67.5 (AERMOD) 
California Dairy FTIR (27 °C) 38.5 ± 12.7, 55.3 ± 17.7 (ISCST3), 53.3 ± 12.8, 86.6 ± 32.2 (AERMOD) 
Flesch et al. 
(2009) 
Open-path lasers 
(4-22 °C) 26.6 – 100.7 
Moore (2007) Passive Samplers (31 °C) 11.1 - 61.1 
Rumburg et al. 
(2008) 
DOAS  
(11-27 °C) 30.6 - 150 
 
 
 
 
Table 20.  Dairy facility emission rates from the California dairy and comparison 
literature values.  Temperatures are sample period averages 
Facility Measurement technique Emission rate (g/d/animal) 
California 
Dairy Passive Samplers (27 °C) 
105.0 ± 33.1, 125.8 ± 46.8 (ISCST3), 
103.2 ± 56.1, 112.4 ± 79.6 (AERMOD) 
California 
Dairy FTIR (27 °C) 
77.0 ± 27.4, 98.3 ± 40.2 (ISCST3), 
131.0 ± 59.4, 190.2 ± 54.6 (AERMOD) 
Cassel et al. 
(2005) Passive filter packs (8-15 °C) 19 - 143 
Flesch et al. 
(2009) Open-path lasers (4-22 °C) 93 - 100 
Misselbrook et 
al. (2006) 
Dynamic chambers and passive 
diffusion samplers (18 °C) 13.7 ± 2.6 
Moore (2007) Passive samplers (31 °C) 133 ± 34.5 
Pinder et al. 
(2004) 
Research w/FEM and NPM 
models  65.5 
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Forecasting ahead to future sampling events, it is important to evaluate which 
method best serves the application of measuring NH3 emitted from agricultural area 
sources.  It was observed that the instrument or technique that is best depends largely on 
the sampling goals, location, and budget of the study.   However, in lieu of specifics, the 
FTIR spectrometer system seems to be the optimum technique.  Although expensive (up 
to $100,000+), and more difficult to set up than the passive samplers and denuder system, 
the spectroscopy system offers an integrated look at the emissions rather than just a point 
measurement that could only be assumed to be representative of other locations.  In 
addition, since this technique is an open-path method, and there is no actual NH3 
collection, and there is little sample/human interaction, there is little source of error.  
Therefore, as long as an appropriate background is used to analyze the FTIR signal, the 
error can be assumed to be very small.  Furthermore, assuming a long enough path length 
can be used, very small concentrations (as low as 10 ppb) can be detected and measured.  
Additionally, once the instrument is in place, data can be collected for long periods of 
time with little instrument maintenance or adjustment, and as the data requires only 
software analysis, concentrations can be determined in the field. 
 It should be noted that although only limited data were obtained using the other 
spectroscopy technique employed in this study, DOAS, it is assumed that the due the 
similarities to the FTIR system, the DOAS is likely to be equally advantageous.  This 
conclusion is supported by studies discussed in Mount et al. (2002) and Rumburg (2006), 
where DOAS systems were successfully used to measure NH3 in a variety of agricultural 
settings. 
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 It should also be noted that the passive samplers, especially when budget concerns 
are an issue (sampler cost is about $100), may be a satisfactory technique.  The ease of 
deployment and the relatively low cost make this mode of measurement appealing.  In 
addition, due to the ease of deployment, the passive samplers may be viewed as a good 
way to obtain preliminary NH3 concentration estimates or to identify areas of interest 
which could be further investigated using the path integrated techniques (FTIR and 
DOAS).    Another benefit of this system is that if wind directions were shift at a site, the 
passive sampler configuration could be easily adjusted to account for the shift.  However, 
care must be taken to ensure that representative sampling takes place.  Based on the 
heterogeneity of the sources, an adequate quantity of sampling locations at a variety of 
distances from the source must be utilized to ensure that samples can be collected so that 
the overall, integrated, NH3 plume may be properly represented.  In this way, 
concentrations existing within the footprint of a facility will not be over or under 
estimated.   
  
89 
 
ENGINEERING SIGNIFICANCE 
 
 
 There are several concerns related to the emission of NH3 from agricultural 
sources.  Although there are no current regulations on gaseous ammonia, some 
consideration has been given to the regulation of NH3, particularly in the state of 
California (California EPA, 2009) due to its role as a precursor to secondary particulate 
formation.  First, proper measurements would need to be taken to determine the necessity 
and practicality of the regulation.  Furthermore, in order to regulate this compound, a 
need would exist for proper measurement and modeling of the compound.  The goal of 
improving NH3 quantification is to be able to properly assess the intricacies of the flux 
from an agricultural facility with a potentially diverse and diffuse source profile.  In this 
way, process-based emission factors could be developed to identify each emission point, 
and the processes and conditions, including environmental factors, that allow NH3 
volatilization to take place.  In addition, it would allow for better assessment of 
management practices to take place, propagating the implementation of practices that 
reduce the overall NH3 release from agricultural facilities.  Moreover, consideration 
needs to be given to whether reducing immediate NH3 emission actually limits the total 
NH3 emitted on a longer time scale. 
 Consideration must also be given to monetary concerns.  As pressure to control 
pollutants such as NH3 increases, it is likely that the cost will as well.  Properly assessing 
emission factors would allow for lower cost techniques of measurement and management 
techniques to be evaluated and possibly put into use. 
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 Ni and Heber (2001) noted most of the techniques used for the measurement of 
NH3 were not originally developed for measuring emissions of agricultural origin.  
Further noted was the lack of discussion on the development or improvement of NH3 
measurement specific to the agricultural environment available in literature sources.  Due 
to this, potential error caused by conditions unique to agricultural settings are likely not 
fully understood nor compensated for in field data, and so reliable and defendable 
methodologies must be developed and utilized. 
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PROPOSED FUTURE WORK 
 
 
 Further consideration needs to be given to the implementation of improved 
management techniques for the reduction of NH3 emission.  This should be explored by 
implementing the measurement methods examined in this study, in particular the FTIR or 
DOAS, or if budget or deployment issues exist, passive samplers, at facilities that have 
put NH3 reducing techniques into practice. 
 Greater exploration of the instrumental/technique errors associated with the 
various measurement techniques is also in order.  In particular, assessing the error in the 
path integrated systems so that error could be assessed in measurements that are not taken 
in duplicate. In that way, an expectation of the magnitude of variation of the precision 
and accuracy of the various techniques could be standardized.  Further, in the assessment 
of the error the need and procedure for possible calibration of the spectroscopy 
techniques could be determined. 
 Related to the error of the passive sampler technique, it would be valuable to have 
an assessment of the influence of the wind on NH3collection.  This could be performed in 
a controlled area with an artificial NH3 source and a “wind” source so that the effect of 
air flow, both with and without the protective caps could be assessed. 
 In addition, determination of the proper number of passive samplers needed to 
properly assess path integrated concentrations measured by these point source samplers 
would be of value.  Furthermore, the proper spacing and distance from a source should be 
assessed, so that an NH3 plume can be accurately captured. 
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Appendix A. Idaho dairy lagoon concentrations 
 
 
Table A-1.  Idaho dairy passive sampler measured and ISCST3 and AERMOD modeled 
NH3 concentrations for the 10/4 AM sampling period 
Receptor Measured (µg/m3) 
ISCST3 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
Path 1 583.6 605.8 0.96 472.6 1.23 
Path 2 462.3 510.6 0.91 401.9 1.15 
Path 3 604.6 487.0 1.24 387.2 1.56 
Path 4 483.7 448.5 1.08 365.1 1.32 
Path 5 411.0 425.3 0.97 368.8 1.11 
Path 6 362.4 389.5 0.93 324.0 1.12 
Path 7 362.4 363.7 1.00 302.7 1.20 
Path 8 325.8 316.9 1.03 261.0 1.25 
Path 9 335.9 270.7 1.24 224.0 1.50 
Den 688.5 285.9 2.41 277.1 2.48 
R1 355.7 243.4 1.46 209.2 1.70 
R2 440.7 0.0 NA 0.0 NA 
R3 201.5 0.0 NA 308.2 0.65 
R4 364.0 101.1 3.60 1211.6 0.30 
R5 616.6 434.8 1.42 1659.1 0.37 
R6 883.6 753.9 1.17 1044.7 0.85 
R7 965.7 1375.2 0.70 1154.2 0.84 
Met 263.9 135.8 1.94 1419.1 0.19 
DOT 942.4 1240.0 0.76 1152.9 0.82 
S1 83.4 583.0 0.14 293.5 0.28 
S2 345.4 532.4 0.65 330.0 1.05 
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Table A-2.  Idaho dairy passive sampler measured and ISCST3 and AERMOD modeled 
NH3 concentrations for the 10/4 PM sampling period 
Receptor Measured (µg/m3) 
ISCST3 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
Path 1 1120.9 1122.5 1.00 893.5 1.25 
Path 2 1120.9 1059.5 1.06 860.8 1.30 
Path 3 1045.3 1052.8 0.99 853.4 1.22 
Path 4 828.1 999.4 0.83 828.1 1.00 
Path 5 782.0 962.8 0.81 815.8 0.96 
Path 6 731.0 885.5 0.83 775.6 0.94 
Path 7 734.9 776.2 0.95 735.6 1.00 
Path 8 721.4 631.2 1.14 675.0 1.07 
Path 9 714.8 519.0 1.38 614.7 1.16 
Den 869.0 441.8 1.97 596.6 1.46 
R1 583.7 449.4 1.30 570.6 1.02 
R2 526.7 9.5 55.57 15.9 33.13 
R3 67.9 4.2 16.20 9.5 7.13 
R4 13.7 2.5 5.41 5.8 2.37 
R5 13.9 0.0 NA 0.4 33.25 
R6 97.1 0.0 NA 7.9 12.27 
R7 507.6 888.7 0.57 664.5 0.76 
Met 14.0 0.0 NA 0.0 NA 
DOT 397.8 422.0 0.94 474.8 0.84 
S1 13.5 582.4 0.02 159.5 0.08 
S2 259.3 852.2 0.30 281.4 0.92 
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Table A-3. Idaho dairy passive sampler measured and ISCST3 and AERMOD modeled 
NH3 concentrations for the 10/5 PM sampling period 
Receptor Measured (µg/m3) 
ISCST3 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
Path 1 613.0 868.8 0.71 706.1 0.87 
Path 2 658.2 858.5 0.77 695.4 0.95 
Path 3 706.0 825.8 0.85 670.3 1.05 
Path 4 615.1 788.1 0.78 648.3 0.95 
Path 5 581.2 749.8 0.78 628.4 0.92 
Path 6 510.0 677.7 0.75 602.7 0.85 
Path 7 531.4 587.6 0.90 586.6 0.91 
Path 8 518.5 455.9 1.14 573.0 0.90 
Path 9 480.0 344.0 1.40 546.6 0.88 
Den 663.0 282.6 2.35 520.8 1.27 
R1 547.8 290.9 1.88 519.3 1.05 
R2 143.6 0.0 NA 22.8 6.30 
R3 232.5 0.0 NA 13.4 17.38 
R4 206.2 0.0 NA 10.6 19.38 
R5 215.4 0.0 NA 0.0 NA 
R6 199.9 0.0 NA 0.0 NA 
R7 366.1 353.4 1.04 457.0 0.80 
Met 176.4 0.0 NA 0.0 NA 
DOT 248.0 56.4 4.40 184.9 1.34 
S1 203.4 109.4 1.86 95.2 2.14 
S2 251.3 426.4 0.59 173.8 1.45 
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Table A-4.  Idaho dairy passive sampler measured and ISCST3 and AERMOD modeled 
NH3 concentrations for the 10/5-10/6 sampling period 
Receptor Measured (µg/m3) 
ISCST3 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
Path 1 608.8 734.9 0.83 596.5 1.02 
Path 2 594.8 718.0 0.83 591.7 1.01 
Path 3 701.1 676.8 1.04 581.5 1.21 
Path 4 601.5 623.7 0.96 568.4 1.06 
Path 5 588.2 578.2 1.02 553.5 1.06 
Path 6 581.5 552.3 1.05 529.5 1.10 
Path 7 581.5 530.5 1.10 488.2 1.19 
Path 8 764.3 457.8 1.67 437.0 1.75 
Path 9 588.2 364.9 1.61 373.7 1.57 
Den 561.9 311.6 1.80 317.2 1.77 
R1 435.3 316.7 1.37 328.5 1.33 
R2 76.7 11.4 6.73 0.9 85.90 
R3 189.9 191.6 0.99 0.3 713.79 
R4 177.4 314.5 0.56 0.1 1258.16 
R5 193.9 327.5 0.59 0.0 NA 
R6 136.2 183.6 0.74 0.0 NA 
R7 196.1 294.5 0.67 301.6 0.65 
Met 137.4 305.0 0.45 0.0 NA 
DOT 189.4 179.1 1.06 77.1 2.46 
S1 212.4 129.4 1.64 17.2 12.32 
S2 183.2 371.8 0.49 178.6 1.03 
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Table A-5.  Idaho dairy passive sampler measured and ISCST3 and AERMOD modeled 
NH3 concentrations for the 10/6 AM sampling period 
Receptor Measured (µg/m3) 
ISCST3 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
Path 1 686.8 686.5 1.00 743.7 0.92 
Path 2 745.3 680.8 1.09 737.5 1.01 
Path 3 812.0 664.0 1.22 725.6 1.12 
Path 4 542.8 641.0 0.85 710.3 0.76 
Path 5 830.8 619.6 1.34 692.1 1.20 
Path 6 631.4 592.9 1.06 658.0 0.96 
Path 7 478.3 552.2 0.87 611.6 0.78 
Path 8 1030.2 446.1 2.31 554.5 1.86 
Path 9 482.4 317.2 1.77 483.8 1.00 
Den 604.3 272.2 2.22 416.6 1.45 
R1 411.6 249.1 1.65 430.8 0.96 
R2 76.9 0.0 NA 2.5 31.32 
R3 100.1 0.0 NA 0.9 110.38 
R4 33.5 0.0 NA 0.4 78.48 
R5 33.7 0.0 NA 0.0 NA 
R6 33.5 0.0 NA 0.0 NA 
R7 211.3 306.3 0.69 373.4 0.57 
Met 11.3 0.0 NA 0.0 NA 
DOT 121.8 69.9 1.74 99.4 1.23 
S1 144.6 8.5 16.92 25.9 5.59 
S2 121.8 268.8 0.45 211.3 0.58 
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Table A-6.  Idaho dairy denuder measured and ISCST3 and AERMOD modeled NH3 
concentrations 
Sample 
Period Measured 
ISCST3 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
1-Oct 349.0 180.6 1.93 211.4 1.65 
Oct 2 AM 394.2 0.0 NA 0.0 NA 
Oct 2 PM 363.8 0.1 3567.05 1.0 352.90 
Oct 3 AM 668.4 280.2 2.39 386.0 1.73 
Oct 3 PM 648.6 258.7 2.51 225.5 2.88 
Oct 4 AM 690.6 285.9 2.42 277.1 2.49 
Oct 4 PM 790.6 441.8 1.79 596.6 1.33 
Oct 5 PM 693.0 282.6 2.45 520.8 1.33 
Oct 5-6 274.6 311.6 0.88 317.2 0.87 
Oct 6 AM 359.4 272.2 1.32 416.6 0.86 
 
 
Table A-7.  Idaho dairy FTIR measured and ISCST3 and AERMOD modeled NH3 
concentrations 
Sample 
Period Measured 
ISCST3 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
1-Oct 329.7 394.0 0.84 312.1 1.06 
Oct 2 AM 151.6 2.6 57.80 0.0 NA 
Oct 2 PM 277.5 3.0 93.80 8.7 32.03 
Oct 3 AM 429.3 424.1 1.01 447.7 0.96 
Oct 3 PM 447.9 467.1 0.96 304.4 1.47 
Oct 4 AM 301.1 564.2 0.53 462.1 0.65 
Oct 4 PM 548.8 1124.4 0.49 735.4 0.75 
Oct 5 PM 583.5 691.4 0.84 555.9 1.05 
Oct 5-6 407.4 577.9 0.70 482.3 0.84 
Oct 6 AM 363.0 572.5 0.63 602.6 0.60 
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Appendix B.  California dairy concentrations 
 
 
Table B-1.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 13 PM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower high 52.2 14.2 3.67 0.0 NA 
West tower low 52.1 14.2 3.67 0.0 NA 
Dusty 9.2 16.1 0.57 5.8 1.59 
Tower 6 113.8 158.7 4.36 12.1 9.42 
AQT high 125.7 158.7 0.79 197.9 0.64 
AQT low 184.5 566.7 1.16 197.9 0.93 
Smelly 205.9 280.9 0.36 549.0 0.38 
Tower 7 350.3 246.4 1.25 293.9 1.19 
Junky 572.0 155.4 2.32 229.7 2.49 
East tower high 245.2 155.4 1.58 174.2 1.41 
East tower low 323.3 120.7 2.08 174.2 1.86 
Road 1 562.0 110.6 4.66 205.5 2.73 
Road 2 630.2 100.0 5.70 300.6 2.10 
Road 3 179.5 33.2 1.79 91.1 1.97 
Road 4 114.1 0.0 3.44 81.1 1.41 
Vent pipe 47.9 0.0 NA 0.0 NA 
Tripod 41.2 0.0 NA 0.0 NA 
Tower 1 40.4 0.0 NA 0.0 NA 
Dick's 41.1 0.0 NA 0.0 NA 
Field 46.7 0.0 NA 0.0 NA 
Guy wire 46.3 0.0 NA 0.0 NA 
Lagoon 368.4 159.6 2.31 98.1 3.75 
Scare crow 750.8 198.3 3.79 225.6 3.33 
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Table B-2. California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 13 PM sampling period with plume 
edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 52.2 3.9 13.25 0.0 NA 
West tower 
low 52.1 3.9 13.23 0.0 NA 
Dusty 9.2 4.3 2.15 4.6 2.01 
Tower 6 113.8 6.3 18.12 15.6 7.30 
AQT high 125.7 30.0 4.19 36.8 3.42 
AQT low 184.5 30.0 6.15 36.8 5.02 
Smelly 205.9 85.9 2.40 45.7 4.50 
Tower 7 350.3 79.0 4.44 79.0 4.43 
Junky 572.0 86.9 6.59 80.1 7.14 
East tower 
high 245.2 57.4 4.27 58.8 4.17 
East tower low 323.3 57.4 5.63 58.8 5.49 
Road 1 562.0 82.3 6.83 112.2 5.01 
Road 2 630.2 76.5 8.23 89.5 7.04 
Road 3 179.5 27.5 6.53 38.5 4.66 
Road 4 114.1 12.1 9.43 30.4 3.75 
Vent pipe 47.9 0.0 NA 0.0 NA 
Tripod 41.2 0.0 NA 0.0 NA 
Tower 1 40.4 0.0 NA 0.0 NA 
Dick's 41.1 0.0 NA 0.0 NA 
Field 46.7 0.0 NA 0.0 NA 
Guy wire 46.3 0.0 NA 0.0 NA 
Lagoon 368.4 37.2 9.90 56.8 6.48 
Scare crow 750.8 40.3 18.64 124.5 6.03 
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Table B-3.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 14 AM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-
modeled 
ratio 
AERMOD 
(1) 
Modeled 
(µg/m3) 
Measured-
to-
modeled 
ratio 
West tower 
high 112.6 56.9 1.98 22.4 5.02 
West tower 
low 153.3 56.9 2.70 22.4 6.84 
Dusty 152.3 85.0 1.79 73.9 2.06 
Tower 6 167.2 59.7 2.80 72.0 2.32 
AQT high 137.9 196.5 0.70 218.0 0.63 
AQT low 196.3 196.5 1.00 218.0 0.90 
Smelly 216.6 87.8 2.47 348.3 0.62 
Tower 7 300.9 120.6 2.50 271.5 1.11 
Junky 349.2 102.0 3.43 263.1 1.33 
East tower 
high 173.8 15.1 11.49 111.2 1.56 
East tower 
low 188.5 15.1 12.47 111.2 1.69 
Road 1 356.5 150.6 2.37 271.9 1.31 
Road 2 201.2 120.3 1.67 255.6 0.79 
Road 3 151.1 5.3 28.30 78.9 1.92 
Road 4 137.4 2.9 48.08 75.5 1.82 
Vent pipe 105.6 2.9 36.10 4.2 24.91 
Tripod 85.5 0.3 279.45 0.9 93.25 
Tower 1 73.8 0.0 NA 0.0 NA 
Dick's 80.1 0.0 NA 0.0 NA 
Field 80.8 0.1 573.22 0.0 NA 
Guy wire 84.8 0.3 255.40 0.0 NA 
Lagoon 547.8 239.8 2.28 107.2 5.11 
Scare crow 335.8 801.4 0.42 704.7 0.48 
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Table B-4. California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 14 AM sampling period with plume 
edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 112.6 23.6 4.78 6.8 16.51 
West tower low 153.3 23.6 6.50 6.8 22.48 
Dusty 152.3 26.3 5.80 22.3 6.82 
Tower 6 167.2 19.5 8.58 22.4 7.47 
AQT high 137.9 41.5 3.32 66.0 2.09 
AQT low 196.3 41.5 4.72 66.0 2.97 
Smelly 216.6 39.6 5.48 87.5 2.48 
Tower 7 300.9 69.6 4.32 94.0 3.20 
Junky 349.2 59.5 5.87 89.8 3.89 
East tower high 173.8 7.2 24.30 41.2 4.22 
East tower low 188.5 7.2 26.35 41.2 4.57 
Road 1 356.5 77.9 4.58 95.5 3.73 
Road 2 201.2 62.8 3.20 88.7 2.27 
Road 3 151.1 1.9 79.40 29.4 5.13 
Road 4 137.4 1.1 129.35 28.1 4.89 
Vent pipe 105.6 2.8 38.25 1.9 54.35 
Tripod 85.5 0.3 327.63 0.3 245.72 
Tower 1 73.8 0.0 NA 0.0 NA 
Dick's 80.1 0.0 NA 0.0 5340.48 
Field 80.8 0.1 612.31 0.0 NA 
Guy wire 84.8 0.3 264.15 0.0 NA 
Lagoon 547.8 54.6 10.03 42.9 12.79 
Scare crow 335.8 124.3 2.70 208.8 1.61 
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Table B-5.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 14 PM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 47.8 0.1 612.49 0.0 NA 
West tower low 47.8 0.1 612.49 0.0 NA 
Dusty 60.4 2.4 25.33 0.5 114.67 
Tower 6 73.7 9.3 7.89 2.1 35.41 
AQT high 154.7 130.3 1.19 65.4 2.37 
AQT low 186.5 130.3 1.43 65.4 2.85 
Smelly 235.7 533.2 0.44 558.0 0.42 
Tower 7 378.9 247.9 1.53 555.3 0.68 
Junky 702.1 150.5 4.67 546.5 1.28 
East tower high 388.7 98.2 3.96 364.9 1.07 
East tower low 522.1 98.2 5.32 364.9 1.43 
Road 1 252.6 95.5 2.64 304.5 0.83 
Road 2 342.5 109.2 3.14 251.4 1.36 
Road 3 291.7 92.5 3.16 242.2 1.20 
Road 4 163.6 108.0 1.51 41.5 3.94 
Vent pipe 60.7 0.0 NA 0.0 NA 
Tripod 54.2 0.0 NA 0.0 NA 
Tower 1 72.7 0.0 NA 0.0 NA 
Dick's 48.5 0.0 NA 0.0 NA 
Field 47.6 0.0 NA 0.0 NA 
Guy wire 47.3 0.0 NA 0.0 NA 
Lagoon 360.2 137.9 2.61 180.4 2.00 
Scare crow 616.5 145.3 4.24 148.4 4.15 
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Table B-6. California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 14 PM sampling period with plume 
edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 47.8 0.0 NA 0.0 NA 
West tower low 47.8 0.0 NA 0.0 NA 
Dusty 60.4 0.9 71.01 0.1 534.79 
Tower 6 73.7 3.3 22.31 0.4 164.41 
AQT high 154.7 19.8 7.83 6.2 24.80 
AQT low 186.5 19.8 9.44 6.2 29.90 
Smelly 235.7 46.0 5.13 53.4 4.41 
Tower 7 378.9 60.9 6.23 47.9 7.91 
Junky 702.1 65.5 10.72 52.3 13.43 
East tower high 388.7 55.3 7.03 36.9 10.53 
East tower low 522.1 55.3 9.45 39.9 13.08 
Road 1 252.6 79.0 3.20 64.3 3.93 
Road 2 342.5 72.6 4.72 54.2 6.32 
Road 3 291.7 31.4 9.28 20.6 14.15 
Road 4 163.6 19.0 8.59 4.3 37.93 
Vent pipe 60.7 0.0 NA 0.0 NA 
Tripod 54.2 0.0 NA 0.0 NA 
Tower 1 72.7 0.0 NA 0.0 NA 
Dick's 48.5 0.0 NA 0.0 NA 
Field 47.6 0.0 NA 0.0 NA 
Guy wire 47.3 0.0 NA 0.0 NA 
Lagoon 360.2 33.8 10.67 23.1 15.56 
Scare crow 616.5 40.0 15.40 24.4 25.24 
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Table B-7.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 15 AM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 80.2 9.3 8.58 12.8 6.25 
West tower 
low 94.0 9.3 10.06 12.8 7.33 
Dusty 99.9 17.3 5.78 45.8 2.18 
Tower 6 126.3 33.6 3.76 70.4 1.79 
AQT high 141.5 143.4 0.99 289.5 0.49 
AQT low 190.1 143.4 1.33 289.5 0.66 
Smelly 190.8 325.3 0.59 608.9 0.31 
Tower 7 311.5 188.6 1.65 236.7 1.32 
Junky 359.3 173.7 2.07 193.1 1.86 
East tower high 186.1 109.4 1.70 115.7 1.61 
East tower low 214.5 109.4 1.96 115.7 1.85 
Road 1 225.1 141.6 1.59 132.4 1.70 
Road 2 191.2 154.8 1.24 110.8 1.73 
Road 3 155.0 64.4 2.41 88.0 1.76 
Road 4 120.3 48.8 2.47 63.5 1.90 
Vent pipe 79.9 1.2 65.99 5.1 15.73 
Tripod 73.2 0.0 NA 0.1 746.51 
Tower 1 67.0 0.0 NA 0.0 NA 
Dick's 66.8 0.0 NA 0.0 NA 
Field 59.1 0.0 NA 0.0 NA 
Guy wire 73.7 0.0 NA 0.0 NA 
Lagoon 341.6 108.2 3.16 190.4 1.79 
Scare crow 611.5 328.4 1.86 548.3 1.12 
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Table B-8. California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 15 AM sampling period with 
plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 80.2 6.7 11.92 4.8 16.77 
West tower 
low 94.0 6.7 13.98 4.8 19.66 
Dusty 99.9 11.7 8.56 16.8 5.93 
Tower 6 126.3 18.9 6.67 25.8 4.90 
AQT high 141.5 55.1 2.57 108.2 1.31 
AQT low 190.1 55.1 3.45 108.2 1.76 
Smelly 190.8 114.7 1.66 197.5 0.97 
Tower 7 311.5 122.3 2.55 140.4 2.22 
Junky 359.3 123.2 2.92 134.3 2.68 
East tower 
high 186.1 74.6 2.50 92.3 2.02 
East tower low 214.5 74.6 2.88 92.3 2.32 
Road 1 225.1 121.6 1.85 119.7 1.88 
Road 2 191.2 108.8 1.76 103.8 1.84 
Road 3 155.0 43.0 3.60 59.3 2.61 
Road 4 120.3 31.3 3.84 41.0 2.93 
Vent pipe 79.9 1.0 78.83 2.3 34.43 
Tripod 73.2 0.3 281.38 0.1 860.68 
Tower 1 67.0 0.0 NA 0.0 NA 
Dick's 66.8 0.0 NA 0.0 NA 
Field 59.1 0.0 NA 0.0 NA 
Guy wire 73.7 0.0 NA 0.0 NA 
Lagoon 341.6 54.9 6.23 64.8 5.27 
Scare crow 611.5 116.3 5.26 188.847 3.24 
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Table B-9.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 15 PM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower high 43.9 0.3 166.91 0.5 95.63 
West tower low 43.8 0.3 166.46 0.5 95.38 
Dusty 56.4 9.0 6.26 4.4 12.89 
Tower 6 81.9 23.1 3.55 7.3 11.18 
AQT high 155.8 218.2 0.71 150.5 1.04 
AQT low 226.9 218.2 1.04 150.5 1.51 
Smelly 283.1 725.9 0.39 556.9 0.51 
Tower 7 455.4 268.9 1.69 416.4 1.09 
Junky 596.9 161.4 3.70 356.5 1.67 
East tower high 282.5 109.8 2.57 203.8 1.39 
East tower low 368.9 109.8 3.36 203.8 1.81 
Road 1 220.0 114.3 1.93 283.2 0.78 
Road 2 242.1 115.4 2.10 197.4 1.23 
Road 3 257.6 90.9 2.84 168.7 1.53 
Road 4 210.8 116.2 1.81 116.0 1.82 
Vent pipe 52.7 0.0 NA 0.0 NA 
Tripod 65.2 0.0 NA 0.0 NA 
Tower 1 44.4 0.0 NA 0.0 NA 
Dick's 57.0 0.0 NA 0.0 NA 
Field 37.5 0.0 NA 0.0 NA 
Guy wire 44.5 0.0 NA 0.0 NA 
Lagoon 425.3 160.3 2.65 161.3 2.64 
Scare crow 688.6 154.8 4.45 110.3 6.24 
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Table B-10.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 15 PM sampling period with 
plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 43.9 0.1 522.58 0.1 304.84 
West tower low 43.8 0.1 521.18 0.1 304.02 
Dusty 56.4 2.8 19.84 1.4 41.38 
Tower 6 81.9 7.3 11.21 2.3 36.04 
AQT high 155.8 35.0 4.45 13.7 11.35 
AQT low 226.9 35.0 6.48 13.7 16.53 
Smelly 283.1 85.0 3.33 51.5 5.50 
Tower 7 455.4 71.3 6.39 46.3 9.83 
Junky 596.9 65.2 9.15 46.5 12.84 
East tower high 282.5 52.0 5.44 32.9 8.60 
East tower low 368.9 52.0 7.10 32.9 11.23 
Road 1 220.0 67.2 3.27 55.7 3.95 
Road 2 242.1 66.3 3.65 48.2 5.02 
Road 3 257.6 32.8 7.86 20.1 12.83 
Road 4 210.8 26.0 8.11 12.3 17.20 
Vent pipe 52.7 0.0 NA 0.0 NA 
Tripod 65.2 0.0 NA 0.0 NA 
Tower 1 44.4 0.0 NA 0.0 NA 
Dick's 57.0 0.0 NA 0.0 NA 
Field 37.5 0.0 NA 0.0 NA 
Guy wire 44.5 0.0 NA 0.0 NA 
Lagoon 425.3 38.5 11.06 24.5 17.38 
Scare crow 688.6 40.9 16.83 26.9 25.61 
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Table B-11.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 16 AM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 82.5 0.3 269.68 0.1 785.92 
West tower 
low 75.5 0.3 246.59 0.1 718.62 
Dusty 111.0 19.6 5.65 4.3 25.74 
Tower 6 110.7 24.1 4.59 12.2 9.08 
AQT high 113.9 72.7 1.57 101.9 1.12 
AQT low 141.6 72.7 1.95 101.6 1.39 
Smelly 164.1 217.7 0.75 410.6 0.40 
Tower 7 177.2 162.0 1.09 182.6 0.97 
Junky 315.7 160.3 1.97 158.0 2.00 
East tower high 149.5 113.0 132 102.8 1.45 
East tower low 189.9 113.0 1.68 102.8 1.85 
Road 1 182.8 158.3 1.15 177.6 1.03 
Road 2 161.8 163.3 0.99 130.8 1.24 
Road 3 127.7 59.0 2.16 95.6 1.34 
Road 4 113.1 37.6 3.01 75.2 1.50 
Vent pipe 71.2 10.3 6.89 15.4 4.63 
Tripod 79.4 4.4 18.14 0.7 121.63 
Tower 1 61.2 0.0 NA 0.0 NA 
Dick's 65.0 0.0 NA 0.0 NA 
Field 64.5 0.0 NA 0.0 NA 
Guy wire 71.2 0.0 NA 0.0 NA 
Lagoon 245.3 124.6 1.97 120.1 2.04 
Scare crow 494.5 308.5 1.60 548.6 0.90 
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Table B-12. California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 16 AM sampling period with 
plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower high 82.5 0.1 654.93 0.1 1250.33 
West tower low 75.5 0.1 598.85 0.1 1143.26 
Dusty 111.0 8.1 13.68 2.6 42.09 
Tower 6 110.7 9.9 11.12 7.6 14.61 
AQT high 113.9 28.3 4.03 65.8 1.73 
AQT low 141.6 28.3 5.01 65.8 2.15 
Smelly 164.1 71.4 2.30 105.4 1.56 
Tower 7 177.2 70.7 2.51 84.9 2.09 
Junky 315.7 72.7 4.34 88.1 3.58 
East tower high 149.5 54.0 2.77 68.8 2.17 
East tower low 189.9 54.0 3.52 68.8 2.76 
Road 1 182.8 85.9 2.13 142.3 1.28 
Road 2 161.8 88.1 1.84 112.4 1.44 
Road 3 127.7 26.8 4.77 48.5 2.63 
Road 4 113.1 17.2 6.57 31.8 3.56 
Vent pipe 71.2 4.1 17.21 10.1 7.04 
Tripod 79.4 2.1 37.06 1.0 81.04 
Tower 1 61.2 0.0 NA 0.0 NA 
Dick's 65.0 0.2 382.50 0.0 NA 
Field 64.5 0.0 NA 0.0 NA 
Guy wire 71.2 0.0 NA 0.0 NA 
Lagoon 245.3 49.1 5.00 52.6 4.66 
Scare crow 494.5 116.8 4.24 172.2 2.87 
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Table B-13.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 16 PM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 48.6 0.1 592.91 0.6 77.05 
West tower low 35.6 0.1 434.20 0.6 56.43 
Dusty 68.2 5.0 13.50 6.3 10.82 
Tower 6 82.4 17.2 4.78 10.3 7.97 
AQT high 0.0 190.8 0.00 96.6 0.00 
AQT low 204.0 190.8 1.07 96.6 2.11 
Smelly 249.4 613.7 0.41 330.3 0.75 
Tower 7 347.5 234.7 1.48 228.7 1.52 
Junky 672.7 131.4 5.12 199.3 3.38 
East tower high 262.9 95.1 2.76 121.5 2.16 
East tower low 327.6 95.1 3.45 121.5 2.70 
Road 1 205.3 98.1 2.09 159.2 1.29 
Road 2 244.5 107.9 2.26 125.8 1.94 
Road 3 238.1 72.3 3.29 98.5 2.42 
Road 4 171.8 96.5 1.78 78.9 2.18 
Vent pipe 49.0 0.0 NA 0.0 NA 
Tripod 42.5 0.0 NA 0.0 NA 
Tower 1 55.9 0.0 NA 0.0 NA 
Dick's 42.6 0.0 NA 0.0 NA 
Field 42.6 0.0 NA 0.0 NA 
Guy wire 49.3 0.0 NA 0.0 NA 
Lagoon 354.0 138.2 2.56 117.5 3.01 
Scare crow 581.3 143.5 4.05 124.937 4.65 
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Table B-14.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 16 PM sampling period with 
plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 48.6 0.0 NA 0.2 307.71 
West tower low 35.6 0.0 NA 0.2 225.34 
Dusty 68.2 1.6 42.73 1.6 43.30 
Tower 6 82.4 5.4 15.17 2.6 31.84 
AQT high 0.0 30.4 0.00 14.5 0.00 
AQT low 204.0 30.4 6.71 14.5 14.03 
Smelly 249.4 71.9 3.47 48.2 5.17 
Tower 7 347.5 54.7 6.35 42.8 8.13 
Junky 672.7 46.9 14.34 41.6 16.17 
East tower high 262.9 38.5 6.82 29.1 9.03 
East tower low 327.6 38.5 8.50 29.1 11.26 
Road 1 205.3 49.7 4.13 46.8 4.39 
Road 2 244.5 51.7 4.73 41.4 5.91 
Road 3 238.1 23.8 9.99 19.2 12.42 
Road 4 171.8 20.1 8.56 13.4 12.82 
Vent pipe 49.0 0.0 NA 0.0 NA 
Tripod 42.5 0.0 NA 0.0 NA 
Tower 1 55.9 0.0 NA 0.0 NA 
Dick's 42.6 0.0 NA 0.0 NA 
Field 42.6 0.0 NA 0.0 NA 
Guy wire 49.3 0.0 NA 0.0 NA 
Lagoon 354.0 32.7 10.82 22.4 15.78 
Scare crow 581.3 34.5 16.85 24.341 23.88 
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Table B-15.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 17 AM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower high 65.7 15.9 4.12 42.2 1.56 
West tower low 65.8 15.9 4.13 42.2 1.56 
Dusty 72.6 22.9 3.17 24.4 2.98 
Tower 6 107.0 32.4 3.30 51.0 2.10 
AQT high 155.2 245.4 0.63 332.6 0.47 
AQT low 175.9 245.4 0.72 332.6 0.53 
Smelly 204.5 577.5 0.35 573.1 0.36 
Tower 7 349.5 257.0 1.36 477.0 0.73 
Junky 460.2 200.1 2.30 8.0 57.53 
East tower high 190.7 115.7 1.65 331.8 0.57 
East tower low 217.9 115.7 1.88 180.5 1.21 
Road 1 252.5 111.2 2.27 95.9 2.63 
Road 2 190.6 133.6 1.43 151.5 1.26 
Road 3 182.1 94.2 1.93 205.2 0.89 
Road 4 138.5 86.4 1.60 181.8 0.76 
Vent pipe 57.7 0.0 NA 0.0 NA 
Tripod 51.4 0.0 NA 0.0 NA 
Tower 1 52.3 0.0 NA 0.0 NA 
Dick's 44.9 0.0 NA 0.0 NA 
Field 53.1 0.0 NA 0.0 NA 
Guy wire 60.7 0.0 NA 0.0 NA 
Lagoon 328.3 179.2 1.83 309.8 1.06 
Scare crow 569.0 214.6 2.65 366.663 1.55 
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Table B-16.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 17 AM sampling period with 
plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 65.7 5.0 13.10 15.6 4.22 
West tower low 65.8 5.0 13.12 15.6 4.22 
Dusty 72.6 7.1 10.25 8.4 8.62 
Tower 6 107.0 9.4 11.36 14.3 7.48 
AQT high 155.2 53.8 2.88 91.2 1.70 
AQT low 175.9 53.8 3.27 91.2 1.93 
Smelly 204.5 116.2 1.76 224.2 0.91 
Tower 7 349.5 94.9 3.68 208.2 1.68 
Junky 460.2 91.0 5.06 193.8 2.37 
East tower high 190.7 58.1 3.28 122.6 1.56 
East tower low 217.9 58.1 3.75 122.6 1.78 
Road 1 252.5 79.3 3.18 154.1 1.64 
Road 2 190.6 70.2 2.71 150.5 1.27 
Road 3 182.1 37.6 4.84 83.8 2.17 
Road 4 138.5 27.0 5.12 59.2 2.34 
Vent pipe 57.7 0.0 NA 0.0 NA 
Tripod 51.4 0.0 NA 0.0 NA 
Tower 1 52.3 0.0 NA 0.0 NA 
Dick's 44.9 0.0 NA 0.0 NA 
Field 53.1 0.0 NA 0.0 NA 
Guy wire 60.7 0.0 NA 0.0 NA 
Lagoon 328.3 47.0 6.98 95.1 3.45 
Scare crow 569.0 48.9 11.63 102.4 5.56 
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Table B-17.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 17 PM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 45.7 0.0 NA 0.0 NA 
West tower low 45.7 0.0 NA 0.0 NA 
Dusty 52.4 1.8 29.73 0.6 87.85 
Tower 6 72.0 7.2 10.03 2.6 27.51 
AQT high 130.6 76.3 1.71 69.8 1.87 
AQT low 176.6 76.3 2.31 69.8 2.53 
Smelly 209.0 396.2 0.53 408.0 0.51 
Tower 7 313.9 210.6 1.49 321.1 0.98 
Junky 595.5 186.9 3.19 348.7 1.71 
East tower high 377.0 132.5 2.84 262.0 1.44 
East tower low 399.7 132.5 3.02 262.0 1.53 
Road 1 282.3 120.6 2.34 331.1 0.85 
Road 2 405.6 125.7 3.23 245.2 1.65 
Road 3 251.9 80.2 3.14 109.7 2.30 
Road 4 144.0 50.7 2.84 37.7 3.82 
Vent pipe 53.3 0.0 NA 0.0 NA 
Tripod 46.2 0.0 NA 0.0 NA 
Tower 1 45.5 0.0 NA 0.0 NA 
Dick's 45.9 0.0 NA 0.0 NA 
Field 45.1 0.0 NA 0.0 NA 
Guy wire 44.7 0.0 NA 0.0 NA 
Lagoon 386.1 110.8 3.48 129.1 2.99 
Scare crow 661.4 127.0 5.21 92.6 7.14 
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Table B-18.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 17 PM sampling period with 
plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower high 45.7 0.0 NA 0.0 NA 
West tower low 45.7 0.0 NA 0.0 NA 
Dusty 52.4 0.4 126.47 0.2 290.88 
Tower 6 72.0 1.7 42.37 0.8 90.22 
AQT high 130.6 12.3 10.61 6.6 19.88 
AQT low 176.6 12.3 14.35 6.6 26.88 
Smelly 209.0 53.0 3.94 39.2 5.33 
Tower 7 313.9 40.2 7.81 32.2 9.73 
Junky 595.5 43.9 13.55 39.0 15.27 
East tower high 377.0 34.8 10.82 31.4 12.02 
East tower low 399.7 34.8 11.47 31.4 12.74 
Road 1 282.3 58.4 4.83 67.3 4.20 
Road 2 405.6 48.3 8.40 51.7 7.84 
Road 3 251.9 17.1 14.77 11.7 21.61 
Road 4 144.0 9.6 14.99 4.3 33.31 
Vent pipe 53.3 0.0 NA 0.0 NA 
Tripod 46.2 0.0 NA 0.0 NA 
Tower 1 45.5 0.0 NA 0.0 NA 
Dick's 45.9 0.0 NA 0.0 NA 
Field 45.1 0.0 NA 0.0 NA 
Guy wire 44.7 0.0 NA 0.0 NA 
Lagoon 386.1 22.5 17.15 20.6 18.72 
Scare crow 661.4 23.5 28.18 23.0 28.74 
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Table B-19.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 18 AM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower high 124.3 41.9 2.97 1.1 111.82 
West tower low 133.1 41.9 3.18 1.1 119.71 
Dusty 152.0 61.2 2.48 51.6 2.94 
Tower 6 189.2 99.2 1.91 71.5 2.64 
AQT high 172.8 231.4 0.75 396.3 0.44 
AQT low 241.9 231.4 1.05 396.3 0.61 
Smelly 338.1 288.7 1.17 869.2 0.39 
Tower 7 394.4 225.9 1.75 381.4 1.03 
Junky 476.1 201.4 2.36 298.5 1.60 
East tower high 220.0 85.9 2.56 182.9 1.20 
East tower low 267.8 85.9 3.12 182.9 1.46 
Road 1 236.4 90.2 2.62 119.9 1.97 
Road 2 201.9 102.4 1.97 180.0 1.12 
Road 3 173.2 54.8 3.16 189.5 0.91 
Road 4 146.4 47.5 3.08 172.7 0.85 
Vent pipe 81.9 9.5 8.60 0.0 NA 
Tripod 82.7 1.3 63.64 0.0 NA 
Tower 1 77.2 0.0 NA 0.0 NA 
Dick's 83.3 0.0 NA 0.0 NA 
Field 70.9 0.3 205.40 0.0 NA 
Guy wire 100.3 1.0 96.05 0.0 NA 
Lagoon 455.0 265.5 1.71 229.6 1.98 
Scare crow 593.7 435.1 1.36 277.1 2.14 
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Table B-20.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 18 AM sampling period with 
plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 124.3 11.5 10.85 0.4 305.53 
West tower low 133.1 11.5 11.61 0.4 327.06 
Dusty 152.0 15.9 9.55 18.8 8.08 
Tower 6 189.2 25.0 7.57 26.1 7.25 
AQT high 172.8 61.5 2.81 80.0 2.16 
AQT low 241.9 61.5 3.94 80.0 3.02 
Smelly 338.1 81.9 4.13 181.7 1.86 
Tower 7 394.4 96.6 4.08 156.9 2.51 
Junky 476.1 87.6 5.44 156.2 3.05 
East tower high 220.0 34.7 6.34 109.8 2.00 
East tower low 267.8 34.7 7.72 109.8 2.44 
Road 1 236.4 44.5 5.31 115.7 2.04 
Road 2 201.9 41.5 4.86 126.6 1.59 
Road 3 173.2 21.6 8.03 82.4 2.10 
Road 4 146.4 18.2 8.05 66.4 2.21 
Vent pipe 81.9 2.6 31.66 0.0 NA 
Tripod 82.7 0.5 163.83 0.0 NA 
Tower 1 77.2 0.0 NA 0.0 NA 
Dick's 83.3 0.0 NA 0.0 NA 
Field 70.9 0.2 463.15 0.0 NA 
Guy wire 100.3 0.3 287.31 0.0 NA 
Lagoon 455.0 62.8 7.25 69.2 6.57 
Scare crow 593.7 102.4 5.80 74.2 8.00 
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Table B-21.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 18 PM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 745.8 0.0 NA 0.0 NA 
West tower low 414.6 0.0 NA 0.0 NA 
Dusty 65.0 1.7 38.91 0.6 106.70 
Tower 6 78.1 9.2 8.47 3.0 25.67 
AQT high 164.3 74.1 2.22 61.3 2.68 
AQT low 242.7 74.1 3.28 61.3 3.96 
Smelly 304.5 385.8 0.79 497.7 0.61 
Tower 7 407.2 170.7 2.39 317.0 1.28 
Junky 699.0 137.8 5.07 268.5 2.60 
East tower high 53.7 98.0 0.55 182.0 0.30 
East tower low 47.0 98.0 0.48 182.0 0.26 
Road 1 249.1 80.7 3.09 127.4 1.95 
Road 2 311.0 104.1 2.99 159.3 1.95 
Road 3 292.8 68.3 4.29 142.1 2.06 
Road 4 211.4 38.4 5.51 57.8 3.66 
Vent pipe 47.1 0.0 NA 0.0 NA 
Tripod 46.5 0.0 NA 0.0 NA 
Tower 1 52.4 0.0 NA 0.0 NA 
Dick's 46.2 0.0 NA 0.0 NA 
Field temp 45.4 0.0 NA 0.0 NA 
Guy wire 51.7 0.0 NA 0.0 NA 
Lagoon 422.6 97.2 4.35 139.2 3.04 
Scare crow 568.9 120.1 4.74 154.2 3.69 
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Table B-22.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 18 PM sampling period with 
plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower 
high 745.8 0.0 NA 0.0 NA 
West tower low 414.6 0.0 NA 0.0 NA 
Dusty 65.0 0.6 110.51 0.2 353.16 
Tower 6 78.1 3.3 23.94 0.9 84.33 
AQT high 164.3 21.6 7.59 11.0 14.91 
AQT low 242.7 21.6 11.21 1.0 238.39 
Smelly 304.5 77.7 3.92 60.4 5.05 
Tower 7 407.2 60.2 6.76 57.5 7.08 
Junky 699.0 62.8 11.14 64.5 10.84 
East tower high 53.7 50.5 1.06 51.7 1.04 
East tower low 47.0 50.5 0.93 51.7 0.91 
Road 1 249.1 77.9 3.20 89.2 2.79 
Road 2 311.0 65.8 4.73 75.8 4.10 
Road 3 292.8 26.6 11.01 25.9 11.31 
Road 4 211.4 14.0 15.10 10.0 21.16 
Vent pipe 47.1 0.0 NA 0.0 NA 
Tripod 46.5 0.0 NA 0.0 NA 
Tower 1 52.4 0.0 NA 0.0 NA 
Dick's 46.2 0.0 NA 0.0 NA 
Field temp 45.4 0.0 NA 0.0 NA 
Guy wire 51.7 0.0 NA 0.0 NA 
Lagoon 422.6 32.3 13.09 31.9 13.23 
Scare crow 568.9 33.1 17.20 35.6 15.97 
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Table B-23.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 19 PM sampling period 
disregarding plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower high 71.6 0.1 483.65 0.4 186.41 
West tower low 65.2 0.1 440.26 0.4 169.68 
Dusty 99.6 4.1 24.34 3.8 26.39 
Tower 6 115.8 21.4 5.42 6.5 17.76 
AQT high 174.7 243.0 0.72 182.8 0.96 
AQT low 295.3 243.0 1.22 182.8 1.62 
Smelly 345.2 805.1 0.43 613.1 0.56 
Tower 7 500.2 301.4 1.66 606.6 0.82 
Junky 890.7 182.7 4.88 552.6 1.61 
East tower high 410.3 126.3 3.25 323.4 1.27 
East tower low 601.4 126.3 4.76 323.4 1.86 
Road 1 318.7 131.0 2.43 320.8 0.99 
Road 2 431.3 136.0 3.17 246.0 1.75 
Road 3 399.3 107.4 3.72 255.5 1.56 
Road 4 259.2 126.6 2.05 93.9 2.76 
Vent pipe 68.7 0.0 NA 0.0 NA 
Tripod 68.5 0.0 NA 0.0 NA 
Tower 1 60.5 0.0 NA 0.0 NA 
Dick's 67.9 0.0 NA 0.0 NA 
Field 66.7 0.0 NA 0.0 NA 
Guy wire 69.4 0.0 NA 0.0 NA 
Lagoon 555.9 178.9 3.11 213.0 2.61 
Scare crow 811.0 184.9 4.39 137.3 5.90 
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Table B-24.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 19 PM sampling period with 
plume edge 
Receptor Measured (µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
West tower high 71.6 0.0 NA 0.1 591.57 
West tower low 65.2 0.0 NA 0.1 538.50 
Dusty 99.6 1.1 91.7 1.2 84.51 
Tower 6 115.8 5.7 20.4 2.0 57.15 
AQT high 174.7 39.2 4.5 11.8 14.75 
AQT low 295.3 39.2 7.5 11.8 24.93 
Smelly 345.2 101.6 3.4 50.8 6.79 
Tower 7 500.2 70.9 7.1 48.9 10.22 
Junky 890.7 62.5 14.2 51.9 17.15 
East tower high 410.3 51.9 7.9 38.3 10.72 
East tower low 601.4 51.9 11.6 38.3 15.71 
Road 1 318.7 73.5 4.3 63.5 5.02 
Road 2 431.3 64.2 6.7 54.9 7.86 
Road 3 399.3 33.4 11.9 20.8 19.21 
Road 4 259.2 26.4 9.8 8.6 30.18 
Vent pipe 68.7 0.0 NA 0.0 NA 
Tripod 68.5 0.0 NA 0.0 NA 
Tower 1 60.5 0.0 NA 0.0 NA 
Dick's 67.9 0.0 NA 0.0 NA 
Field 66.7 0.0 NA 0.0 NA 
Guy wire 69.4 0.0 NA 0.0 NA 
Lagoon 555.9 38.5 14.5 25.6 21.69 
Scare crow 811.0 37.7 21.5 28.3 28.66 
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Table B-25.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 20 PM sampling period; 
disregarding plume edge 
Receptor 
Measured 
(µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-
modeled 
ratio 
AERMOD 
(1) 
Modeled 
(µg/m3) 
Measured-
to-
modeled 
ratio 
West tower 
high 85.1 1.2 71.02 0.3 255.70 
West tower low 85.2 1.2 71.07 0.3 255.91 
Dusty 117.8 10.6 11.11 3.3 36.01 
Tower 6 130.9 28.9 4.53 5.3 24.70 
AQT high 171.0 290.4 0.59 59.9 2.85 
AQT low 223.9 290.4 0.77 59.9 3.74 
Smelly  285.9 1018.8 0.28 620.4 0.46 
Tower 7 666.4 394.7 1.69 367.6 1.81 
Junky 825.5 248.8 3.32 459.4 1.80 
East tower high 381.9 174.9 2.18 398.4 0.96 
East tower low 448.4 174.9 2.56 398.4 1.13 
Road 1 477.6 267.0 1.79 774.9 0.62 
Road 2 516.9 258.2 2.00 588.3 0.88 
Road 3 274.0 120.7 2.27 47.8 5.74 
Road 4 195.7 154.9 1.26 10.8 18.15 
Vent pipe 111.4 2.0 55.09 0.8 140.18 
Tripod 78.8 1.5 53.19 0.9 89.82 
Tower 1 65.6 0.0 NA 0.0 NA 
Dick's 72.2 0.1 606.80 0.3 223.56 
Field  59.6 0.0 NA 0.0 NA 
Guy wire 58.9 0.0 NA 0.0 NA 
Lagoon 508.6 265.7 1.91 197.4 2.58 
Scare crow 1248.3 760.0 1.64 1581.8 0.79 
A 784.2 200.7 3.91 229.7 3.41 
B 143.5 1.6 89.00 1.8 79.35 
C 623.5 301.8 2.07 297.1 2.10 
D 63.2 0.5 117.18 1.4 45.41 
E 69.8 8.7 8.05 16.9 4.14 
F 189.4 36.4 5.20 41.8 4.53 
G 346.8 44.8 7.74 52.2 6.64 
H 548.0 185.6 2.95 261.8 2.09 
I 170.0 27.5 6.19 86.4 1.97 
J 202.7 15.1 13.46 41.0 4.94 
K 149.6 31.2 4.79 74.7 2.00 
L 187.9 38.8 4.85 97.9 1.92 
M 449.6 44.7 10.06 101.0 4.45 
N 621.4 182.0 3.41 346.4 1.79 
O 148.2 225.3 0.66 140.3 1.06 
P 1520.5 546.4 2.78 2452.3 0.62 
Q 771.3 108.0 7.14 408.0 1.89 
R 411.3 843.1 0.49 321.8 1.28 
S 273.3 187.7 1.46 49.4 5.53 
T 227.2 57.5 3.95 17.0 13.40 
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Table B-26.  California dairy passive sampler measured and ISCST3 and AERMOD 
modeled NH3 concentrations for the June 20 PM sampling period with 
plume edge 
Receptor Measured (µg/m3) 
ISCST3 (2) 
Modeled 
(µg/m3) 
Measured-to-
modeled 
ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-to-
modeled 
ratio 
West tower high 85.1 0.3 258.81 0.1 617.03 
West tower low 85.2 0.3 259.02 0.1 617.52 
Dusty 117.8 2.8 41.50 1.4 86.96 
Tower 6 130.9 7.7 16.97 2.2 59.67 
AQT high 171.0 46.5 3.68 8.8 19.43 
AQT low 223.9 46.5 4.82 8.8 25.44 
Smelly 285.9 127.3 2.24 71.0 4.03 
Tower 7 666.4 90.8 7.34 61.5 10.84 
Junky 825.5 81.7 10.11 95.6 8.63 
East tower high 381.9 64.7 5.90 81.9 4.66 
East tower low 448.4 64.7 6.93 81.9 5.47 
Road 1 477.6 133.5 3.58 339.5 1.41 
Road 2 516.9 110.8 4.66 253.3 2.04 
Road 3 274.0 38.7 7.08 9.9 27.72 
Road 4 195.7 32.6 6.01 3.9 49.67 
Vent pipe 111.4 0.6 181.20 0.3 366.58 
Tripod 78.8 0.4 178.22 0.3 257.43 
Tower 1 65.6 0.0 NA 0.0 NA 
Dick's 72.2 0.4 206.31 0.1 494.58 
Field 59.6 0.0 NA 0.0 NA 
Guy wire 58.9 0.0 NA 0.0 NA 
Lagoon 508.6 54.6 9.32 52.7 9.66 
Scare crow 1248.3 119.4 10.45 230.0 5.43 
A 784.2 55.1 14.24 96.4 8.13 
B 143.5 0.4 319.53 0.8 190.03 
C 623.5 83.2 7.50 128.8 4.84 
D 63.2 0.2 348.95 0.7 96.43 
E 69.8 5.8 12.11 14.6 4.78 
F 189.4 19.5 9.69 33.7 5.63 
G 346.8 18.7 18.59 28.2 12.32 
H 548.0 9.4 58.36 110.6 4.96 
I 170.0 8.3 20.50 39.3 4.32 
J 202.7 3.9 51.74 18.9 10.74 
K 149.6 23.1 6.49 65.0 2.30 
L 187.9 25.0 7.50 57.3 3.28 
M 449.6 29.1 15.42 40.2 11.18 
N 621.4 35.7 17.42 115.1 5.40 
O 148.2 59.6 2.49 56.3 2.63 
P 1520.5 85.6 17.76 325.2 4.68 
Q 771.3 48.5 15.92 166.0 4.65 
R 411.3 123.8 3.32 45.3 9.09 
S 273.3 32.4 8.42 7.5 36.65 
T 227.2 13.5 16.85 3.5 64.78 
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Table B-27.  California dairy FTIR measured and ISCST3 and AERMOD modeled NH3 
concentrations for Position 1 disregarding plume edge 
Sampling 
Period 
Measured 
(µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-to-
modeled ratio 
AERMOD (1) 
Modeled 
(µg/m3) 
Measured-to-
modeled ratio 
Jun 13 PM 147.8 103.6 1.4 4.6 32.28 
Jun 14 AM 101.6 144.2 0.7 57.8 1.76 
Jun 14 PM 109.3 54.3 2.0 0.6 181.46 
Jun 15 AM 91.9 97.1 0.9 43.9 2.10 
Jun 15 PM 140.4 101.4 1.4 3.3 41.93 
Jun 16 AM 95.1 48.9 1.9 4.2 22.63 
Jun 16 PM 121.9 82.2 1.5 5.2 23.29 
Jun 17 AM 134.2 144.1 0.9 33.1 4.05 
Jun 17 PM 99.3 34.7 2.9 0.7 137.31 
Jun 18 AM 209.4 187.1 2.5 32.7 6.40 
Jun 18 PM 161.8 35.5 4.6 0.8 209.08 
Jun 20 PM 183.3 132.7 1.4 2.7 67.35 
 
 
 
 
Table B-28.  California dairy FTIR measured and ISCST3 and AERMOD modeled NH3 
concentrations for Position 1 with plume edge 
Sampling 
Period 
Measured 
(µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-to-
modeled ratio 
AERMOD (2) 
Modeled 
(µg/m3) 
Measured-to-
modeled ratio 
Jun 13 PM 147.8 20.3 5.10 4.9 29.90 
Jun 14 AM 101.6 32.4 1.18 19.1 5.31 
Jun 14 PM 109.3 10.4 1.38 0.1 845.27 
Jun 15 AM 91.9 40.4 1.12 17.9 5.13 
Jun 15 PM 140.4 19.9 4.83 1.1 123.40 
Jun 16 AM 95.1 19.3 2.63 2.6 36.77 
Jun 16 PM 121.9 16.3 5.65 1.3 93.11 
Jun 17 AM 134.2 33.4 3.00 11.3 11.92 
Jun 17 PM 99.3 6.3 11.30 0.2 451.99 
Jun 18 AM 209.4 48.3 1.91 14.2 14.76 
Jun 18 PM 161.8 11.1 12.02 0.2 688.43 
Jun 20 PM 183.3 24.5 4.97 1.1 162.49 
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Table B-29.  California dairy FTIR measured and ISCST3 and AERMOD modeled NH3 
concentrations for Position 2 disregarding plume edge 
Sampling 
Period 
Measured 
(µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-to-
modeled 
ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-to-
modeled 
ratio 
Jun 13 PM 134.0 66.4 2.0 711.7 0.19 
Jun 14 AM 195.6 119.4 1.6 122.1 1.60 
Jun 14 PM 80.2 35.9 2.2 19.0 4.21 
Jun 15 AM 75.0 62.2 1.2 198.7 0.38 
Jun 15 PM 97.9 65.1 1.5 48.5 2.02 
Jun 16 AM 75.0 35.6 2.1 33.7 2.23 
Jun 16 PM 76.4 52.5 1.5 34.4 2.22 
Jun 17 AM 80.1 94.1 0.9 138.4 0.58 
Jun 17 PM 63.6 22.6 2.8 18.6 3.43 
Jun 18 AM 151.2 131.7 1.1 154.5 0.98 
Jun 18 PM 100.1 22.6 4.4 17.7 5.66 
Jun 20 PM 130.7 85.0 1.5 19.9 6.56 
 
 
 
 
 
Table B-30.  California dairy FTIR measured and ISCST3 and AERMOD modeled NH3 
concentrations for Position 2 with plume edge 
Sampling 
Period 
Measured 
(µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-to-
modeled 
ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-to-
modeled 
ratio 
Jun 13 PM 134.0 13.6 6.62 17.0 7.88 
Jun 14 AM 195.6 29.9 4.43 40.1 4.88 
Jun 14 PM 80.2 7.0 6.57 2.1 38.18 
Jun 15 AM 75.0 27.9 1.02 43.9 1.71 
Jun 15 PM 97.9 12.9 4.17 5.4 18.10 
Jun 16 AM 75.0 14.2 2.15 13.8 5.42 
Jun 16 PM 76.4 10.3 4.48 5.8 13.18 
Jun 17 AM 80.1 22.4 2.06 38.7 2.07 
Jun 17 PM 63.6 4.1 8.73 2.2 29.18 
Jun 18 AM 151.2 34.1 2.93 38.0 3.98 
Jun 18 PM 100.1 7.0 10.21 3.5 28.31 
Jun 20 PM 130.7 15.8 4.39 3.9 33.40 
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Table B-31.  California dairy FTIR measured and ISCST3 and AERMOD modeled NH3 
concentrations for Position 4 disregarding plume edge 
Sampling 
Period 
Measured 
(µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-to-
modeled ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-to-
modeled ratio 
Jun 13 PM 185.9 460.9 0.4 453.3 0.41 
Jun 14 AM 210.7 323.3 0.7 521.8 0.40 
Jun 14 PM 205.6 382.5 0.5 513.1 0.40 
Jun 15 AM 159.5 300.8 0.5 538.7 0.30 
Jun 15 PM 228.5 516.6 0.4 495.8 0.46 
Jun 16 AM 139.9 215.1 0.7 332.6 0.42 
Jun 16 PM 176.9 438.3 0.4 290.6 0.61 
Jun 17 AM 163.7 490.7 0.3 449.4 0.36 
Jun 17 PM 173.9 285.6 0.6 449.4 0.39 
Jun 18 AM 259.3 397.3 0.7 449.4 0.58 
Jun 18 PM 219.4 265.5 0.8 449.4 0.49 
Jun 20 PM 337.4 778.4 0.4 449.0 0.75 
 
 
 
 
 
Table B-32.  California dairy FTIR measured and ISCST3 and AERMOD modeled NH3 
concentrations for Position 4 with plume edge 
Sampling 
Period 
Measured 
(µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-to-
modeled ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-to-
modeled ratio 
Jun 13 PM 185.9 78.8 1.80 52.0 3.57 
Jun 14 AM 210.7 72.4 2.04 127.4 1.65 
Jun 14 PM 205.6 42.4 4.04 46.2 4.45 
Jun 15 AM 159.5 118.1 0.96 193.8 0.82 
Jun 15 PM 228.5 70.9 2.60 47.4 4.82 
Jun 16 AM 139.9 74.4 1.28 91.1 1.54 
Jun 16 PM 176.9 58.7 2.50 44.6 3.97 
Jun 17 AM 163.7 109.3 1.19 211.2 0.78 
Jun 17 PM 173.9 40.9 3.57 33.6 5.18 
Jun 18 AM 259.3 113.0 1.84 165.3 1.57 
Jun 18 PM 219.4 60.6 3.16 52.4 4.19 
Jun 20 PM 337.4 107.4 2.57 84.9 3.97 
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Table B-33.  California dairy FTIR measured and ISCST3 and AERMOD modeled NH3 
concentrations for Position 5 disregarding plume edge 
Sampling 
Period 
Measured 
(µg/m3) 
ISCST3 
(1) 
Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
AERMOD 
(1) Modeled 
(µg/m3) 
Measured-
to-modeled 
ratio 
Jun 13 PM 248.9 290.1 0.9 294.9 0.84 
Jun 14 AM 213.4 155.3 1.4 312.8 0.68 
Jun 14 PM 285.0 236.8 1.2 423.1 0.67 
Jun 15 AM 159.5 202.0 0.8 317.1 0.50 
Jun 15 PM 265.5 302.4 0.9 352.4 0.75 
Jun 16 AM 160.1 157.1 1.0 204.9 0.78 
Jun 16 PM 257.9 256.3 1.0 206.1 1.25 
Jun 17 AM 184.9 291.2 0.6 470.0 0.39 
Jun 17 PM 244.2 198.5 1.2 285.4 0.86 
Jun 18 AM 330.7 248.7 1.3 443.8 0.75 
Jun 18 PM 321.0 170.7 1.9 272.2 1.18 
Jun 20 PM 349.7 446.3 0.8 436.1 0.80 
 
 
 
Table B-34.  California dairy FTIR measured and ISCST3 and AERMOD modeled NH3 
concentrations for Position 5 with plume edge 
Sampling 
Period 
Measured 
(µg/m3) 
ISCST3 
(2) 
Modeled 
(µg/m3) 
Measured-to-
modeled ratio 
AERMOD 
(2) Modeled 
(µg/m3) 
Measured-to-
modeled ratio 
Jun 13 PM 248.9 69.0 2.97 60.7 4.10 
Jun 14 AM 213.4 50.6 2.97 89.9 2.37 
Jun 14 PM 285.0 48.7 5.14 40.2 7.09 
Jun 15 AM 159.5 101.0 1.12 143.9 1.11 
Jun 15 PM 265.5 60.7 3.65 39.5 6.71 
Jun 16 AM 160.1 62.6 1.85 78.2 2.05 
Jun 16 PM 257.9 49.8 4.57 36.7 7.03 
Jun 17 AM 184.9 87.3 1.73 175.0 1.06 
Jun 17 PM 244.2 36.3 5.96 29.9 8.17 
Jun 18 AM 330.7 82.8 3.37 142.4 2.32 
Jun 18 PM 321.0 53.4 5.48 49.2 6.52 
Jun 20 PM 349.7 84.1 3.43 70.4 4.97 
 
